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ABSTRACT 
A time domain analysis procedure and method for seismic soil-structure interaction 
analysis are introduced in this work. This includes the selection of the soil model, the 
far field model, the structural model and the soil-structure interaction analysis 
method. 
The bounding surface plasticity model is implemented to model the near field. The 
boundary element method in the time domain is used as the far field model. A 
coupling method between the boundary elements and finite elements has been 
proposed, its main advantages being: equilibrium and compatibility conditions are 
used directly and the present boundary element and finite element packages only need 
a small modification before they are used in this coupled procedure. 
Nonlinear local site analyses have been carried out. The comparisons of the effects of 
strong and weak input motions, different soft clay sites and different input motions on 
local site amplification show the effect of soil yielding on local site response. 
A primary investigation of the effect of soil-structure interaction on structural 
response is carried out using the linear and nonlinear soil models. When the linear 
elastic model is used to represent the soil behaviour, the effects of different sites, 
frames and input motions from the basement rock on the soil-structure interaction are 
investigated. The results show that the natural vibration periods of the site and 
structure can represent the effect of the site and structure on the soil-structure 
interaction and the predominant period of the input motion can represent the effect of 
the input motion on soil-structure interaction. Acceleration response at the foundation, 
displacement at the top floor, inter-storey shear force and the rocking of the 
foundation are used to show the effect of the natural periods on the soil-structure 
interaction. When the nonlinear soil model is used to represent the soil behaviour, a 
comparison of the results of the linear and nonlinear analyses shows that the soil 
yielding has a great influence on vibration frequency and vibration amplitude of both 
the acceleration and the displacement at the foundation and at the top floor of the 
structures. The permanent settlement of the foundation shows its accumulative 
characteristics. 
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Chapter One 
Introduction 
1.1 General 
Seismic soil-structure interaction is an important element in the understanding of 
seismic structural failure, yet is very complex to analyse. Several recent earthquakes 
have provided us with many examples of soil-structure interaction (Daniel and 
Velesos, 1987, EERC report, 1995), improving the understanding of the phenomena 
and providing stimulation for research. The first earthquake is the Mexico City 
earthquake of 191h September 1985. One of its main characteristics was soft soil 
amplification that resulted in much structural failure in Mexico City and significant 
inspiration for research into the local soil effect on structures (Quaas and Mena, 1987, 
Seed etc, 1987). The second earthquake is the Lorna Prieta earthquake of 171h October 
1989 which confirmed the soft clay amplification observed in the Mexico City 
earthquake and produced much data on soil-structure interaction and showed 
nonlinear seismic soil responses (EERC report, 1990). Data recorded in this 
earthquake also showed the effect of buildings on the input motion around the 
building and confirmed that the input motion to the building is different from the free 
field response. The third earthquake is the Kobe earthquake of 17th January 1995, in 
which a number of records displayed nonlinear soft soil amplification (Takaji 
Kokusho and Masalli Matsumoto, 1995). Their results are consistent with those 
recorded in previous earthquakes such as the Lorna Prieta earthquake and the 1986 
earthquake in Taiwan (Chang, etc, 1990). The data recorded in these earthquakes 
illustrate the importance of soil-structure interaction on structural behaviour and show 
that the consideration of soft soil amplification and nonlinear soil properties is an 
alternative to soil-structure interaction analysis (Romo, 1995). 
Usually, a soil-structure interaction analysis involves combining an input motion with 
the far field, the local site (near field) and the structure. The far field, the near field 
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and the structure have to be simulated by different models so that the solution 
becomes very complex. In order to simplify the solution, many assumptions have 
been introduced. At present, two methods widely used in soil-structure interaction 
analysis are the discrete element method and the finite element method (Wolf, 1985). 
Generally, the discrete element method assumes a linear soil response to the seismic 
excitation and replaces the half space with a spring and dashpot boundary. This 
method is simple and easily implemented, yet has several disadvantages. One 
disadvantage being that the soil must be idealised as a linear elastic material, and the 
other being that the free field response is used directly as input motion (Wolf, 1985). 
The finite element method, however, is suitable for the analysis of nonlinear materials 
and complex geometry (Zienkiewicz, 1977). When considering the recorded data 
from the above earthquakes, the finite element method is almost certainly a better 
alternative for representing the near field foundation. 
The finite element method has been very popular in studying soil-structure 
interaction, yet the soil model most commonly used to simulate seismic soil behaviour 
is still a linear soil model or an equivalent linear soil model. Although several 
simplified models in recent years have been used for investigating seismic behaviour, 
they can not directly calculate pore pressure, which is a very important parameter in 
geotechnology. 
On the other hand, when the finite element method is used for studying soil-structure 
interaction, the far field has to be considered. For meeting the far field conditions, a 
transmitting boundary is usually enforced as the near field boundary condition. At 
present, the Lysmer dashpot boundary (Lysmer and Richard, 1969) is one of the most 
widely used transmitting boundaries in the time domain analysis (Wolf, 1987), while 
many transmitting boundaries are available in the frequency domain. In recent years, 
rigorous boundary elements have been widely used for studying soil-foundation 
interaction. However, most of the boundary element methods employed in studying 
soil-foundation interaction work in the frequency domain and when they are used in 
the time domain it is necessary to use a fast Fourier transform (FFT). If the near field 
is nonlinear, an iterative solution has to be used. If an FFT procedure is employed 
again, the computation cost becomes huge. Fortunately, a boundary element method 
in the time domain has been proposed and successfully used for soil-foundation 
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interaction (Karabalis and Beskos, 1985) and dynamic dam analysis (Abouseeda and 
Dakoulas, 1998). This boundary element method in the time domain can be used 
directly in the nonlinear analyses. 
When finite elements are used to represent the near field and the structure and 
boundary elements are used for the transmitting boundary, the coupled finite element 
and boundary element method becomes very important. In recent years, this coupled 
method in elastodynamics has attracted many researchers (Estorff and Prabucki, 
1990). Two important aspects of this research are: firstly, what is the best coupling 
method, and secondly, how can existing finite element packages and boundary 
element packages be used to complete this coupling in such a way as to reduce the 
considerable implementation work required. 
Nonlinear local site amplification and its effects on the structural response have been 
given attention in recent years. However, in most of the research, only simplified soil 
models and certain earthquake motions were used to investigate the nonlinear local 
site amplification and its effects on the structural response. Thus, to obtain better 
analysis results the use of advanced elasto-plasticity models will be helpful. 
The effect of soil-structure interaction on structural response has been investigated for 
many years. In the use of linear soil model, most of the investigations concentrate on 
the effect of a layered soil and flexible or rigid foundation on the structural response. 
Generally the effect of soil-structure interaction on the structural response depends on 
the soil conditions, structures, and input motions from the basement rock. 
Investigating the effects of the soil conditions, structures and input motions on soil-
structure interaction are helpful for visualising the effects of soil-structure interaction 
on the structural response in the structural design. In the use of a nonlinear soil model 
to analyses soil-structure interaction, the Mohr-Coulomb and cap models have been 
used widely while the bounding surface model was used to analyse a one-storey 
frame. It is necessary to use advanced elastoplastic soil model, the bounding surface 
soil model, for further investigating the effect of soil-structure interaction on the 
response of multi-storey frames to improve the accuracy of the prediction of the 
structural response. 
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1.2 Objectives of the Research 
The objectives of the research were to 
• generate a computer program using a bounding surface soil model to simulate the 
nonlinear local site amplification and nonlinear seismic soil-structure interaction. 
• generate a computer program for boundary element analyses in the time domain. 
The boundary element is used as a transmitting boundary in the nonlinear local 
site amplification and nonlinear seismic soil-structure interaction analyses. 
• develop a coupled finite element and boundary element method that can be 
implemented easily using existing finite element and boundary element packages. 
• investigate three nonlinear local site amplifications and their effects on the 
structural response by using the bounding surface soil model. 
• investigate the effects of soil conditions, structures, and input motions from the 
basement rock on the soil-structure interaction by using the linear elastic soil 
models. 
• investigate the effect of soil-structure interaction on the structural response by 
using the bounding surface soil modeL 
1.3 Scope and Outline of the Thesis 
Before evaluating the time history analyses in the soil-structure interaction analyses, a 
literature review is described in Chapter Two by investigating the published materials 
in this subject. The advantages and disadvantages of different soil models, methods of 
analysis for soil-structure interaction and transmitting boundaries are also compared. 
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In Chapter Three the bounding surface soil model that is used for the research is 
discussed. An explicit stress matrix for the computer code is also obtained. The 
methods to obtain tested parameters for the model are described. The implementation 
algorithm used for the computer program is then illustrated in detail. Different 
numerical integration methods are introduced. The results are calculated by using the 
generated computer program and the nonlinear time history analysis program 
RUAUMOKO (Carr, 1998) are compared in this Chapter. 
In Chapter Four, a boundary element method in the time domain is derived in detail. 
The three dimensional and two dimensional singular integration solutions and 
numerical treatments are introduced. Finally, a benchmark problem is solved by using 
the generated computer program. 
A coupling procedure for the finite element and boundary element is proposed in 
Chapter Five. The procedure is described by a flowchart and can be used for the linear 
or nonlinear analyses. 
Nonlinear free field responses and their effects on structural response are introduced 
in Chapter Six. Three soft soil sites are used to investigate the site effects. The Lorna 
Prieta (1989), the Parkfield (1966) and the El-Centro (1940) earthquakes are used to 
investigate the effect of these different input motions. The effects of intensity on 
ground response are investigated by using both strong and weak motions. In the 
analysis, the calculated soil domain used in the analyses is lOOm wide by 30m deep 
and assumes that the rigid boundary consists of rock material at the bottom and 
flexible soil extended infinitely along in the horizontal directions. 
In Chapter Seven, soil-structure interactions are investigated for 6- and 12-storey 
moment-resistant frames by using a linear elastic soil model with five sets of linear 
elastic soil parameters; the records from the Lorna Prieta and the Mexico City 
earthquakes are used as the input motions from the basement rock. This investigation 
include the ground response at the foundation, the maximum displacement at the top 
floor, the inter-storey shear force and the rocking of foundations. 
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In Chapter Eight, soil-structure interactions are investigated for 6- and 12-storey 
moment-resistant frames by using the nonlinear soil model and the records from the 
Lorna Prieta and the Mexico City earthquakes as input motions from the basement 
rock. The ground response at the foundation and the maximum acceleration and 
displacement at the top floor are used as the measurement indicators for the structural 
responses. 
Contributions and conclusions from the research based on the results from the 
analyses are presented in Chapter Nine. Recommendations for further research are 
also discussed in this chapter. 
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Chapter Two 
The Literature Review of Seismic Soil-Structure Interaction 
2.1 Introduction 
In recent decades, soil-structure interaction has been given much attention in both 
research and practice. The main reason is its important effect on the response of 
buildings in earthquakes. The second is its complexity. These characteristics were 
revealed by both the Mexico City Earthquake of 1985 and the Lorna Prieta 
Earthquake of 17th October 1989. 
Mexico City Earthquakes 
From a geotechnical point of view, Mexico City has been divided into three regions 
(Fig.2.1): 
a) The lake zone, consisting of a 20m to more than lOOm deep deposit of highly 
compressible, high water content clay, underlain by the so-called deep deposits 
formed by very stiff layers of cemented silty sand. 
b) The hill zone, formed by volcanic tuffs and lava flows. 
c) The transition zone, composed of erratic stratifications of alluvial sand and silt 
layers interlaced with clay layers. 
Local effects on ground motions at Mexico City recorded during the 1985 event are 
shown in Fig.2.2 with response spectra of the motions at different sites (Seed, etc, 
1987). Motions on the firm ground (CU site) were amplified about 13 times by the 
clay deposit (SCT site) for natural periods of free vibration of around 2.0 seconds. 
Investigation showed that the worst damage occurred in the lake zone. It was 
consistent with the response spectra of the motions recorded at these sites. 
In the investigation, it was found that certain types of structures, such as reinforced 
concrete framed systems with deep beam and slabs, were most affected by the 
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earthquake because their periods of free vibration, in many cases, were close to those 
of the ground motion. The effects of the natural period of free vibration is correlated 
with the height of the collapsed buildings: over 100 buildings less than 5 storeys, 
almost 140 buildings between 6 and 10 storeys, 27 between 11 and 15 storeys, and 3 
greater than 15 storeys were destroyed (Daniel and Velesos, 1987). 
Further investigation showed that because of Mexico City's special geological and 
geographical conditions, the damping of the clay is small so that the earthquake 
acceleration was amplified at the ground surface as shown in Fig.2.3. 
As mentioned above, soil-structure interaction was very important during the 1985 
Mexico City earthquake. There were, however, not enough data recorded in this 
event. In a 1990 earthquake, the motions at various depths below the Bernardo 
Quintana, an eight-storey concrete structure supported by a rigid box foundation 
embedded eight metres into the soil deposit and located in the lake zone of Mexico 
City, were recorded (Romo, 1995). The acceleration response spectra of the motions 
recorded at three different depths are shown in Fig.2.4. It may be seen that the spectral 
ordinates are amplified over depths from 40m to 20m, while over depths from 20m to 
the ground surface the motions are significantly attenuated. 
According to the above observation, several simple conclusions can be made: a) soft 
clay will amplify input earthquake acceleration in the linear material range; b) the 
presence of structures will attenuate the ground surface motion. 
The Lorna Prieta Earthquake 
A significant part of the USGS (United States Geology Survey) data set clearly 
demonstrates the effect of local site geology on the travelling seismic wave during the 
1989 Lorna Prieta event. In stiff site conditions the peak accelerations followed 
attenuation relationships, while on softer sites north of the epicentral region, motions 
recorded were significantly amplified. Some data recorded in this event showed peak 
horizontal accelerations of 0.12g, from the Crystal Springs Reservoir (epicentral 
distance 62km), 0.28g from Redwood Shores (soft site, epicentral distance 65km), 
0.12g from Foster City (epicentral distance 66km) and 0.26g from Emeryville (soft 
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site, epicentral distance 97km). Recorded strong motions in instrumented structures 
also illustrate soil-structure interaction as given in Table 2.1. 
Table 2.1 Recorded Data in the 1989 Lorna Prieta Earthquake 
1. Pacific Park Plaza, 30-storey, symmetrical three-winged 
Reinforced concrete building (on bay mud) 
2. Hayward City Hall, 11-storey, reinforced concrete, 
Framed structure (on consolidated alluvium) 
FF: Free field response 
Ground: Ground floor response 
FF( 0.26g) 
Ground( 0.22g) 
Roof Wing ( 0.39g) 
FF( O.lOg) 
Ground( 0.07g) 
12th floor ( 0.13g) 
Based on the above data, some conclusions can be made: a) the acceleration response 
of the free field is greater than that at the ground floor; b) the acceleration response at 
the building base are amplified at the top of the building. 
Recently, similar conclusions were obtained by Zhao (1995) concerning the Gisbome 
Post Office Building. These recorded data reflect the concept of effective acceleration 
proposed by Newmark and Hall (1982). It can be stated in the following manner: 
"It is that acceleration which is most closely related to structural response and to 
damage potential of an earthquake. It differs from, and is less than, the peak free-field 
ground acceleration. It is a function of the size of loaded area, the frequency content 
of the excitation, which in tum depends on the closeness to the source of the 
earthquake, and to the weight, embedment, damping characteristic, and stiffness of 
the structure and its foundation." 
This concept illustrates the structural effect on site response and clarifies that the field 
response is different from the practical input motion of a building. 
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Usually the analysis of soil-structure interaction involves an input motion (bedrock 
motion), the local site and the structure. In most cases, the seismic response of the 
structure during an earthquake is affected not only by its own characteristics and the 
nature of the bedrock motion, but also by the characteristics of the building 
foundation and the deformability of the soil deposit. Generally, the influence of soil 
and foundation can be separated into the following parts: 
(1) Local site effect (bedrock-soil interaction): this kind of interaction often results in 
the amplification of ground surface response to the earthquake input motion in 
the underlying bedrock. The intensity of amplification depends on the depth to 
bedrock, the local ground water table level, the local soil properties and the 
intensity of earthquake shaking (Seed etc, 1987). For example, in the Mexico City 
earthquake of 1985, the uniform soft clay amplified the intensity of the 
earthquake shaking. 
(2) Interaction effect (soil-structure interaction): this kind of interaction results in a 
change in the response of the building and in the soil surrounding the building 
foundation due to the deformability of the soils. The effective acceleration 
mentioned in the above is one of the results of this kind of interaction. 
The first kind of soil effect can be considered as the difference between the response 
of the ground surface and the bedrock motion in the free field (Fig.2.5a). The second 
kind of soil effect on the building can be considered as the difference between the 
response of the building on a fixed foundation (Fig.2.5b) and on the deformable soil 
(Fig.2.5c ). The effect of the soil can be considered as the difference between the 
response of the ground surface in the free field and the building on the ground surface. 
In these cases, modelling the soil is a key to the soil-structure interaction model. 
Different soil models have been proposed for modelling the seismic soil behaviour. 
With regard to simplified and complex analysis methods for soil-structure interaction, 
they can be usually classified into the discrete element method (spring and dashpot) 
and the finite element method. The following sections will introduce soil models and 
the analysis methods of soil-structure interaction. 
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2.2 Soil Models 
It is known that a correct and precise soil model is a key to the analysis of seismic soil 
response. In previous decades, geotechnical researchers and engineers have carried 
out tests and hoped to obtain an accurate and simple soil model to represent soil 
properties. Many soil models have been proposed and verified by shaking table tests, 
centrifuge tests and from earthquake response records. In this section, only the linear 
elastic model, the Finn et al nonlinear soil model, and the bounding surface model 
will be discussed. These three models basically outline the development of the 
dynamic soil model. The advantages and disadvantages of each can be shown by 
comparing features of the three models. 
2.2.1 The Linear Elastic Model 
If the soil strain is less than 10-4, the relationship between stress and strain can be 
represented by a linear elastic model. Usually, Hooke's law (Eq.2.1) can be used 
directly. 
{a}= [DKc} (2.1) 
where [D] is the elastic matrix. 
The linear elastic model has only two parameters, the elastic modulus E and Poisson's 
ratio f.l, so it is very simple. However, it is only suitable if the shear strain is small. 
When the shear strain increases above about 10-\ the linear elastic model can not 
reflect the change of soil properties. 
2.2.2 Finn et al's (1976,1984,1985) Nonlinear Soil Model 
Finn (1985) found the equivalent linear method works well for stable soils when high 
pore pressure and strong nonlinearity do not develop during the seismic excitation. If 
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these effects do develop, the equivalent linear procedures become less satisfactory 
because they do not allow the direct computation of pore pressure or permanent 
deformations. Therefore, Finn et. al. proposed a nonlinear effective stress soil model 
considering the volume strain and the pore pressure. 
The relationship between shear stress 1: and shear strain y for the initial loading phase 
under drained or undrained loading conditions is described by a hyperbolic equation 
GmaxY (2.2) 
1 + (Gmax It: max )jyj 
where Gmax and 'Zfnax are the maximum shear modulus and the maximum shear stress. 
The unloading-reloading has been modelled using the Masing rule (Masing, 1926), 
where the assumed unloading curve from (Yr, 'lf) in Fig.2.6 is given by 
'tmax 
1:-
2 
(2.3) 
'tmax 
1:= GmaxY 
1 + GmaxY ft:max 
y 
Reloading Unloading 
(a) (b) 
Figure 2.6 (a) Initial Loading Curve; (b) Masing Stress Strain Curve for Unloading 
and Reloading 
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Finn et. al. (1976) proposed rules for extending the Masing rule to irregular loading. 
They suggested that unloading and reloading curves follow the skeleton loading curve 
when the magnitude of the previous maximum shear strain is exceeded. Fig.2.6 shows 
the general rules. 
The pore pressure model proposed by Martinet. al. (1975) was used in the soil model 
to represent the change of pore pressure U. The pore pressure model is described as 
(2.4) 
in which E r is the rebound modulus and Llt;,d is the volumetric strain increment and 
are given by 
(2.5) 
(2.6) 
where c1, c2, c3, and c4 are volume change constants and Bvct is the total accumulated 
volumetric strain; a:0 is the initial value of the effective stress and K2, m and n are 
experimental constants. 
Finally, [D], in the finite element formulation is given by 
(2.7) 
where Bt and Ct are the tangent bulk moduli and the tangent shear moduli respectively 
and dependent on the level of mean effective stress cr ;11 = O'm-u, in which O'm is the total 
mean normal stress and u the current induced pore water pressure, and [Q1] and [Q2] 
are constant matrices. 
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The Finn et. al. non-linear model is conceptually simple. A very well known 
hyperbolic equation was used to represent the basic shear stress strain curve. A 
modified Masing rule was used to represent irregular loading. In this model, however, 
pore pressure and volume strain can not be expressed. Martin's pore pressure model 
was employed to overcome this problem. Using the shear strain, the hyperbolic model 
and Martin's model were connected together to form Finn's model which has been 
verified by centrifuge tests and from examination of recorded earthquake response 
(Finn, 1985). 
2.2.3 The Bounding Surface Model 
The bounding surface model is an advanced soil model based on classic plasticity 
such as the nested surface model (Provest, 1977) or the Desai model (Desai, 1984). In 
terms of classical theory, at a plastic state the loading direction Lu must be along the 
gradient of a loading surface f = 0 passing through the point cru in stress space, i.e. 
at L..=m-
1} aa (2.8a) 
In the bounding surface model, a bounding surface F in stress space and its stress 
gradient direction are defined by 
~ <J,q, )=0; Lu (2.8b) 
where a bar over stress quantities includes their association with F = 0, which always 
enclose the loading surface f = 0 or it may contact it at a point tangentially or even 
become identical with it but never intersect with it. In terms of this concept, the 
plastic response depends on how "far" the current stress state cru on f = 0 is from a 
corresponding bounding or "image" stress state 0' u on F = 0. The actual plastic 
modulus and the bounding plastic modulus can be determined: 
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(2.9) 
where 
procedure will be given in Chapter three. 
2.3 Analysis Methods for Soil-Structure Interaction 
As was mentioned above, in soil-structure interaction analyses the discrete element 
method and the finite element method have been used widely. Their advantages and 
disadvantages were introduced by Seed et. al. (1975) and Hadjian et. al.(1974). In the 
application of both methods, however, there is the same question: how to represent 
the half-space or far field behaviour. This question has resulted in much research in 
recent years. The following section will discuss the analysis methods for soil-
structure interaction and the representation of the far field. 
2.3.1 The Discrete Element Method in Soil-Structure Interaction 
The discrete element method for solving soil-structure interaction problems is mostly 
limited to elastic or viscoelastic representation of the soil. The problem can usually be 
solved in three steps (Luco and Wong, 1979; Wolf, 1985): (1) the determination of the 
input motion to the foundation; (2) the evaluation of the force and displacement 
relationship for the foundation, and (3) the solution of the equations of motion 
including the superstructure. In most applications it is assumed that the input motion 
at the level of the foundation is the same as the surface free field motion which is 
easily determined from free field analysis. Many methods for solving the equation of 
motion have been proposed, for example the Newmark step by step method. 
Therefore, the evaluation of the force and displacement for the foundation is a key 
step. Because the force-displacement relationship is affected by many factors, 
different models show different characteristics. Here, only the fundamental lumped-
parameter model and the Pender model and methods for determining their parameters 
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will be discussed. The reason for choosing these two models is that the fundamental 
lumped-parameter model is a fundamental model used as the basis of many of the 
improved models. The Pender model reflects nonlinear soil characteristics. 
2.3.1.1 The Fundamental Lumped-Parameter Model 
When compared with the solution of the elastic half space method, the fundamental 
lumped-parameter model shows its advantage: simple formulation and clear physical 
meaning. Fig.2.7 displays a mathematical representation of the fundamental lumped-
parameter model. If a rigid surface foundation is loaded by a vertical steady state 
force Q(w), the equation of motion can be expressed as 
d 2 z dz 
m-+c-+kz = Q( ffi) 
dt 2 dt 
(2. 10) 
where c is the damping coefficient, k is the stiffness coefficient and z is displacement. 
Q 
• m 
k c 
Fig. 2.7 Fundamental Lumped-Parameter Model 
The foundation response can be obtained easily by solving Eq.2.10. For different 
vibration modes, the differential equation of motion of the foundation is the same as 
Eq.2.10. The difference is that the corresponding damping coefficient c, stiffness 
coefficient k and loading mode are used. In this procedure, the damping and the 
stiffness coefficients have to be determined. However, they are affected by many 
factors, such as soil properties, the size and mass of the foundation and the frequency 
of the excitation. 
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If a constant frequency excitation is applied in Eq.2.10, in this situation frequency-
independent coefficients can be used. They are also called static damping and 
stiffness coefficients. Whitman and Richard (1967) investigated the static damping 
and stiffness coefficients of a rigid circular surface foundation and obtained the 
following expressions for vertical, horizontal and rocking vibration modes 
where 
k = 4Gr0 
v 1-v 
k = 8Gr0 
h 2-v 
_ 3.4r0 rc;:: 
cv ----vuP 1-v 
3 
k = 8G ro 
r 3(1-v) ' 
B = 3(1-v)J¢ 
rp 8pr~ 
(2.1la) 
(2.1lb) 
(2.1lc) 
kv, k11, kr, cv, C!J and Cr are spring stiffness and damping coefficients for vertical, 
horizontal and rocking modes, respectively, v is the soil Poisson's ratio, r0 is the 
radius of the footing, G is the soil shear modulus, pis the soil density and I¢ is the 
mass moment of inertia of the footing with respect to a horizontal axis. 
For a rectangular footing, with a length to width ratio of less than 3, the equivalent 
radius for vertical, horizontal and rocking modes, respectively, can be computed as 
[LB]
0
·
5 
rev = re h = - and 
' ' 7r 
r = [BL3lo.zs 
e,r 31[ 
(2.1ld) 
where L and B are the half length and half width of the footing respectively. 
In considering a general case, the solution of these equations describes the frequency-
dependent relationship between the applied force P;(t) and the corresponding 
displacement amplitude ui(t) in compact form 
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(2.12a) 
where Qi is the complex stiffness given by 
(2.12b) 
the real part of which represents the spring coefficient, and the imaginary part 
represents the damping coefficient. 
Velesos and Verbil (1973) investigated the dynamic response of a rigid surface 
footing resting on an elastic half space. The relationship between force and 
displacement can be written as 
(2.13a) 
where Ks,i is the stiffness constant in the vibration mode i, and ki and ci are the 
dynamic stiffness and damping coefficients respectively of vibration mode i. Based on 
the results of the shear cone analysis (Wolf, 1994), the coefficients ki and ci for the 
vertical, horizontal and rocking modes of a rigid circular surface foundation were 
approximated by 
(2.13b) 
(2.13c) 
{2.13d) 
(2.13e) 
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(2.13f) 
(2.13g) 
The values of a, b and d for any value of soil Poisson's ratio, v, were tabulated in 
Velesos and Verbic (1973, 1974). After these values are obtained, the fundamental 
lumped-mass model can be used to predict the response of the structure on the surface 
foundation. 
2.3.1.2 The Pender Model (1983) 
According to the test results, the energy dissipated per loading and unloading cycle of 
soil is independent of the frequency of loading (at least over the range of frequencies 
of interest in earthquake engineering) (Larkin, 1976), and the stiffness and hysteretic 
damping of soil have a nonlinear relationship with strain. Pender (1983) proposed a 
two layered model shown in Fig.2.8. The first layer spring represents the zone of soil 
immediately beneath the footing which will deform nonlinearly. The second layer 
Winkler-Voigt model represents the small strain elastic behaviour of the soil remote 
from the footing that will deform elastically. The depth of the nonlinear zone is 
approximately one footing diameter. Pender also recommended a method to 
determine the coefficients for the model. Firstly, the two springs in series are reduced 
to an equivalent viscously damped spring, the parameters of which are given by 
(2.14a) 
(2.14b) 
where ke and Ce are the stiffness and damping values for the spring representing the 
small strain behaviour of the soil and k11 is the stiffness of the nonlinear spring which 
incorporates the hysteretic damping. 
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The stiffness of the nonlinear spring kn can be determined by a finite element analysis. 
However, this is too expensive for meeting earthquake loading studies. A numerical 
version of the stress path method to k11 is recommended by Pender (1983). The 
procedure can be described as: 
(a.) Select a characteristic point beneath the centre of the footing where the nonlinear 
strain increments are the maximum. 
(b.)By using a pseudo Poisson's ratio the stress increments, which are caused by load 
increments, are calculated 
(c.) Strain increments are calculated by a soil model proposed by Graham (1982) and 
modified by an averaging factor to get the average strain for the soil. 
(d.)Calculate the incremental nonlinear stiffness. 
Zone of nonlinear 
behaviour 
footing mass plus added mass 
nonlinear spring for nonlinear soil 
behaviour 
------~----~"'" vioooW<ly d""'1"d 
1----.....----'_1 <pring fnc <mill <lrnin 
--------------!----------- behaviour 
7 I 7 7 
(a) (b) 
Fig. 2.8 Modelling of Nonlinear Soil Behaviour Beneath a Footing 
(a) Physical Situation; (b) Representation with Equivalent System 
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2.3.2 Finite Element Method in the Soil-Structure Interaction 
The finite element method has been widely used in earthquake engineering. However, 
when the finite element is used in soil-structure interaction analysis, the simulation of 
a far field domain has to be considered. A general method is to enforce an artificial 
boundary at the contact interface between the structure and ground. The artificial 
boundary can not consist of elementary boundary conditions because it is given 
prescribed displacements or stresses when the load is applied directly to the structure 
so that they can not transmit waves into the infinite domain. Therefore, in seismic 
soil-structure interaction analysis, three aspects need to be considered. They are the 
structural model, the soil model and the far field model. Some soil models have been 
discussed in section 2.3 and structural models will be discussed in Chapter three. The 
following section will discuss only the far field models, the viscous dashpot 
transmitting boundary (Lysmer and Richard, 1969), the Zhao, Carr and Moss discrete 
wave number indirect boundary element method (Zhao et al, 1997) and the boundary 
element method in the time domain (Manolis and Beskos, 1989). 
2.3.2.1 The Viscous Dashpot Transmitting Boundary 
The viscous dashpot transmitting boundary is shown in Fig.2.9. In the two 
dimensional case where the waves impinge perpendicular to the artificial boundary, 
the exact transmitting boundary condition is formulated as in Eqs. 2.15a and 2.15b. 
Here, a(s) and t(s) are the normal and shear stresses on the boundary, u(s) and v(s) 
are the normal and tangential displacements, cp represents the dilatational-wave 
velocity and s denotes the coordinate on the artificial boundary. In a discretised form 
it is customary to lump the distributed dampers described by the above equations, 
which results in dashpots with coefficients c11 and Ct in the normal and the tangential 
direction at each node in the boundary. 
a(s)+ peP u(s) =0 
r(s) +pes v(s) = 0 
(2.15a) 
(2.15b) 
(2.16a) 
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(2.16b) 
A- area; p- soil density 
a 
Fig. 2.9 Viscous Dashpot Transmitting Boundary 
where u and v are normal and tangent velocity. These local viscous dashpots 
represent the exact solution for P- and S-waves which impinge perpendicular to the 
artificial boundary. They are an approximation for an inclined P-wave, where the 
reflected energy is only a small part of the total energy (Lymser and Richard, 1969). 
In many cases, the further the artificial boundary is from a source which radiates 
waves, the more the angle of incidence with respect to the artificial boundary will 
approach 90° and thus the better the viscous dashpot model will perform. 
Although a certain caution is appropriate for surface waves, the viscous dashpots 
represent a suitable transmitting boundary for many applications involving both 
dilatational and shear waves. The accuracy is generally acceptable and the procedure 
is simple and easily implemented in most analyses. 
2.3.2.2 The Zhao, Carr and Moss Discrete Wave Number Indirect Boundary 
Element Method 
Zhao, Carr and Moss (1997) proposed a discrete wave number indirect boundary 
element method. It can be employed as a transmitting boundary to calculate both 
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surface and embedded foundations. When compared with other special methods, the 
method can solve the problem of a foundation resting on a multi-layered half space 
and can directly couple with the finite element method to solve the nonlinear problem 
of the near field. 
Layer 1 
Figure 2.10 
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Mathematic model of discrete wave number indirect boundary 
element method 
The mathematical model is shown m Fig.2.10. Firstly, the method divides the 
boundaries into a vertical boundary and a horizontal boundary. When load acts on the 
vertical boundary, its Green's function can be calculated on the vertical and the 
horizontal boundaries. Then when load acts on the horizontal boundary, its Green's 
function can be calculated on the vertical and the horizontal boundaries. The total 
effects will be the summation from both components. 
Based on the above, the displacement of element i caused by the piece-wise linearly 
distributed loads on element j of a vertical boundary in a layered half space can be 
written in the wave number domain in matrix form as 
(2.17a) 
where 
{uvv (k, z)Y = [u(k, z) iw(k, z)] (2.17b) 
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(2.17c) 
where k represents the wave number. The displacement Green's function is 
(2.18) 
[F~v]ij is a sub-matrix of the system flexibility matrix for the layered half space and 
has been given by Wolf (1985). [Gu(z)l, [GA 11 andlGE j1 have been given by Zhao, 
Carr and Moss (1997). 
For the Green's functions of element i due to the loads on itself, the total response is 
given by 
(2.19) 
-P 
where matrix [gu (k,z)] is the displacement Green's function from the particular 
solution given by Zhao (1989). [F'] is the nodal displacement matrix from the 
particular solution given by Wolf (1985). 
For the horizontal boundary, the displacements due to the loads on element j of the 
vertical boundary are given by 
(2.20a) 
where the Green's function is given by 
Chapter Two 27 
(2.20b) 
Matrix [F~v ]j is defined as for [F~v ]u but corresponds to the displacement of the 
horizontal boundary and the loads on elementj of the vertical boundary. 
The displacements of the horizontal boundary due to the linearly distributed loads on 
elementj of the same boundary are given by 
(2.21a) 
(2.21b) 
Matrix [F~h] j corresponds to both the displacements and the loads of the horizontal 
boundary. [L(k)]j is the Fourier transform of the load interpolation function. 
In Eqs. 2.18 to 2.21, the Green's functions have to be transformed into the spatial 
domain. The displacements in the spatial domain can be written following Bouchon 
and Aki (1987) as 
+~ 
F(x,z) = J f(k,z)e-ikxdk (2.22) 
and can be approximated by 
2n N .. 
F(x,z)=- L,.J(kn,z)e-zk,x 
Ll n=-N 
(2.23a) 
(2.23b) 
In the above, all displacement Green's functions have been obtained and can be 
transformed into the spatial domain from the wave number domain. Now following 
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the indirect boundary element method proposed by Wolf (1985) and Wolf and Darbre 
(1984a,b), the dynamic stiffness matrix of a foundation can be written generally as 
For surface foundations, these matrices are given by 
[T] = f[L(s)Y [N(s)]ds 
For embedded foundations these matrices are given by 
[G] = f[g 1 (s)Y [gu (s)}ds 
[T] = f[g 1 (s)Y[N(s)}is 
(2.24) 
(2.25a) 
(2.25b) 
(2.26a) 
(2.26b) 
where [i(s)] is the Green's functions for a surface traction at the boundary in the 
spatial domain. 
At low frequencies the stiffness matrix of embedded foundations can be separated into 
the free field and the excavated parts (Wolf 1985) 
(2.27) 
The dynamic stiffness matrix of the free-field [S Cv] can be calculated by Eqs.2.24 as 
for a surface foundation. That of the excavated part can be modelled by the finite 
element method. The main advantage of this separation is that the surface traction 
Green's functions are not required. 
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The numerical results calculated by the method were compared with the published 
results to confirm the advantages and accuracy of this method (Zhao et. al, 1997). 
2.3.2.3 Integration Direct Boundary Element Method in the Time Domain 
As described above, the Zhao, Carr and Moss discrete wave number indirect boundary 
method can express the far field very well, but it works in the wave number domain. 
If the near field is nonlinear and the far field is linear, finite elements can be used to 
model the near field and the above methods can be used to model the far field. 
However, they work in different domains so that a FFT has to be used to transform 
them from the frequency domain to the time domain. It is clear that the boundary 
element method in the frequency domain is computationally expensive when 
nonlinear and large calculations are carried out. To overcome this difficulty, the 
general integration direct boundary element methods in the time domain were 
proposed by Niwa et al (1980), Manolis (1983) and Karabalis & Beskos (1984), This 
method will be discussed in detail in Chapter five. 
2.4 The Coupling Methods for the Boundary Element and the 
Finite Element Methods in Soil-Structure Interaction Analysis 
In the boundary element method, known fundamental solutions of the governing 
differential equations can be used to obtain solutions for the boundary value problem 
and meet the radiation condition automatically. This means that only the boundary of 
the domain to be analysed has to be discretised, in contrast with the finite element 
method, which requires a subdivision of the whole domain. The finite element method 
however, is suitable for the solution of nonlinear and irregular geometric problems. 
Therefore, the coupling of the boundary element and the finite element is to use the 
advantages of the both numerical methods. 
Zienkiewicz, Kelly and Bettes (1977) were among the first authors to propose the 
coupling of the boundary element and the finite element methods. In recent years, 
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several researchers have focused their attention on the development of coupling 
procedures for elastodynamic problems. Kobayashi and Mori (1986) have used a 
combination of the boundary element with the finite element methods for the solution 
of soil-structure interaction problems in the frequency domain. Spyrakos and Beskos 
(1986) and Karabalis and Beskos (1985), respectively, considered plane and three-
dimensional soil-foundation interaction problems in the time domain using boundary 
elements for the soil and finite elements for the foundation. Esttorff and Prabucki 
(1990) applied the coupling of the boundary element method and the finite element 
method to dynamic analysis of elastic bodies. Feng and Owen (1997) proposed a 
general iteration coupling procedure. In this section, only Esttorff and Probucki' s 
coupling method and Feng and Owen's method will be discussed in detail. 
2.4.1 Esttorff and Prabucki's Method of Coupling Boundary Elements and 
Finite Elements 
According to Antes (1985) and Estorff (1986), the system of algebraic equations for 
the boundary element domain can be expressed as 
(2.28) 
where u and s are vectors of all nodal displacements and tractions, respectively, [U] 
and [T] represent influence matrices which contain integral terms evaluated over each 
boundary element and over each time step. According to causality conditions, these 
matrices are lower triangular and composed of block submatrices. 
Considering the above properties of the matrices, a relation between { u} and { s} can 
be given as 
(2.29) 
p=l p=! 
which is valid for each time step m. Rearranging gives 
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(2.30) 
p=l p=l 
where 
(2.31) 
For the finite element domain, a dynamic equilibrium equation is obtained. If an 
integration method is used, the effective dynamic equilibrium equation can be 
expressed as 
(2.32) 
Fig.2.11 shows the finite element and boundary element domains. It is easy to 
distinguish between the nodes on the non-interface and those on the interface of the 
boundary element domain and the finite element domain. Then the boundary element 
equilibrium equation can be expressed in terms of the non-interface and interface 
nodes as 
(2.33) 
where subscript i and 0 represent interface and non-interface boundaries respectively. 
Q/:FEM 
Qb :BEM 
Fig. 2.11 BE and FE Subdomains of an Elastic Domain 
32 Chapter Two 
By separating { u ~<m> } from the lower part and substituting it into the upper part, one 
obtains 
m-1 ~:(m) }= [K: ]{u:<m> }+ [G ]{s:(m) }+ L {[Qjm-p+l) Ku:(p) }+ [Qj;n-p+l) Ku:(p) }- [Hjm-p+l) ~:(p)} 
p=l 
(2.34) 
Assuming the tractimis { s} along the outer boundary are given, only { s;B<m> } and 
{ u:<m> } at the interface are unknown. The matrix [ K;~] physically denotes the 
resistance developed by the boundary element sub-domain at the interface of the 
boundary element and finite element domain. 
The same procedure can be applied to the finite element domain. Interface nodes 
connected with the boundary element domain and non-interface nodes are separated 
as for the boundary element domain. 
To obtain consistency between the finite element and boundary element formulations, 
the interface tractions { s} in the boundary element domain have to be transformed to 
resultant nodal forces according to Eq.2.35. 
(2.35) 
F" } -nodal force vector 
Based on compatibility conditions, the assemblage of the relationship yields an 
expanded system of equations 
(2.36) 
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which gives the unknown displacements {u;}, {u;} and the interface nodal forces {s;} 
in each time step m. Once these values are known, it is straight-forward step to 
determine the displacements of the outer boundary by using the ·lower partition of 
Eq.2.33. 
2.4.2 Feng and Owen's Coupled Boundary Element and Finite Element 
Method 
Feng and Owen (1997) reviewed the present coupling methods for boundary elements 
and finite elements. They found that the programs for finite elements and boundary 
elements are quite different in terms of data structures, program organisation and 
numerical techniques. Thus, merging two different kinds of programs together to form 
an integrated finite element and boundary element environment would require 
considerable effort. Therefore, they proposed a method in which the boundary 
element equations are not explicitly assembled into the finite element equations, but 
instead used an iterative scheme to obtain the final solution. This procedure will be 
discussed in detail in this section. 
Usually, the finite element analysis of the foundation plate yields the following linear 
equation: 
(2.37) 
where [Kp] is the global stiffness matrix of the foundation plate, {F} is the external 
loading, { U} is the nodal unknown of the foundation plate and {R} is the interactive 
force between the foundation plate and the soil, which is also unknown. 
In general, the boundary element equation of the elastic foundation takes the form 
(2.38) 
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where [H), [G] are coefficient matrices, usually fully populated and unsymmetric, 
{ U} are the nodal unknowns of the foundation plate and {P} are the nodal tractions. 
For an elastic half-space, the BE formulation can be greatly simplified if we adopt the 
Boussinesq solution as the fundamental solution. Therefore the vertical displacement 
of the foundation surface is 
(2.39) 
in which { U.:r} represents the vertical displacements of the surface of the foundation. 
In order to couple Eqs. 2.37 and 2.39 to form the final equations, displacement 
compatibility and force equilibrium need to be imposed. The displacement condition 
can be written as 
{w1 }=[EY{u} (2.40) 
where [E]=[ lm, 0, of is a matrix which extracts the unknown vector from {U}. The 
equilibrium condition requires 
(2.41) 
where {R}=[E]{Rp}. Since the boundary element method uses nodal tractions instead 
of nodal point forces, a relationship between tractions and nodal forces on the 
boundary element should be established. Usually, this relationship takes the form 
(2.42) 
where [11 is the conversion matrix. Therefore, the equilibrium condition can be 
expressed as 
(2.43) 
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Using Eq.2.42, we can rewrite Eq.2.40 as 
(2.44) 
in which [K1] is the equivalent stiffness matrix of the boundary element region with 
(2.45) 
Combining Eqs. 2.37 and 2.44 gives the following final coupled equations 
c[Kp]+[E][K1 }EY){U}={F} (2.46) 
Hence, the final solution will be 
{U }= ([K P ]+ [E][K1 ](E])-1{F} (2.47) 
The above procedure is a direct solution scheme. However, calculation of [GT1 is 
computationally very expensive. An iterative solution scheme is proposed. Firstly, 
Eq.2.46 is rewritten in iterative fashion as 
where the scheme of iteration is as follows 
(1) Given the initial guess {Ro} 
(2) Forn=O, 1,2, ...... , 
Solve 
Extract 
Solve 
Convert 
Until 
lK PKun+l}= {F }-{R,J 
{w,J+J= [EY {un+l} 
[G K~+l}= {w,J+J 
{Rn+l}= [E ][M KP.l+J 
(2.48) 
(given tolerance) 
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The above method was successfully used to analyse foundation plate and soil 
interaction. 
2.5 Summary 
As mentioned above, many earthquake records have shown the effect of soil-structure 
interaction on the structural response to be very important in seismic structural 
analysis. In this Chapter, the Mexico City earthquake of 1985 and the Lorna Prieta 
earthquake of 1 ih October 1989 were used to illustrate the significant importance of 
the soil-structure interaction. 
Even though the linear soil model is widely used for soil-structure interaction analysis 
and is helpful in seismic structural analysis, an advanced elasto-plastic soil model is a 
better alternative. In more recent years, the advanced elasto-plastic soil models, 
especially the bounding surface models, have been used to analyse local site response. 
It is therefore worthwhile to investigate their application in soil-structure interaction. 
When comparing the discrete element method with the finite element method, if 
nonlinear soil response caused by earthquake excitation is considered in the 
calculation, the finite element method is the most suitable approach. If only linear soil 
response and regular sites are considered, the discrete element method is more 
suitable than the finite element method. The selected calculation method, therefore, is 
mainly determined by the objective of the analysis. 
In the finite element method, the far field expression is a very important aspect as 
mentioned above. Usually, transmitting boundaries such as Lysmer's dashpot 
boundary are used to· represent the far field. The boundary element method is, 
however, a better alternative. Boundary elements in the frequency domain are usually 
used in linear analyses. When the boundary element method is used for a nonlinear 
analysis and a FFT has to be used, this procedure will be very expensive. In this 
situation, the boundary element method in the time domain shows its advantages. At 
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present, although the boundary element in the time domain has disadvantages, such as 
it can be only used with a homogenous half space or a layered homogenous material, 
it is very convenient when coupled with finite elements in a nonlinear analysis. 
In order to get benefit from the boundary element and finite element methods, they 
should be coupled. In more recent years, many different techniques have been 
proposed. In this Chapter, only two methods have been introduced in detail. The 
purpose is to use their advantages, such as directly coupling the boundary elements 
and finite elements to reduce programming effort. 
In this thesis, the bounding surface model proposed by Dafalias and Herrmann (1986) 
will be used as a soil model and implemented into a soil-structure interaction analysis 
program called SSINAP2D. The boundary element method in the time domain will be 
implemented into the boundary element code. A coupled boundary element and finite 
element method will be proposed. Its main advantage is to use existing boundary 
element and finite element packages. In the coupling procedure, only a small revision 
is required. The code SSINAP2D is firstly used to analyse the nonlinear local site 
amplification of soft clay, then its results are used to calculate the structural responses 
which are compared with linear analysis results. Finally, linear soil-structure 
interaction · and nonlinear soil-structure interaction are investigated. In these 
calculations, the calculated soil domain is lOOm wide x30m deep. Some conclusions 
are given in Chapter Nine. 
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Chapter Three 
Near Field Modelling, Structural Modelling, Numerical 
Integration Methods and Numerical Implementations 
3.1 Introduction 
As mentioned in Chapter two, in soil-structure interaction analysis the soil is one of the 
important factors and displays strong nonlinear behaviour. Generally, the nonlinear 
behaviour of the soil can be represented by a simplified elastoplastic model or an 
advanced elastoplastic model. Some simplified models have been introduced. In this 
Chapter, only the advanced models will be discussed in detail. They will then be 
implemented a computer code. 
Soil displays complicated properties that can be shown by test results. Several typical 
stress-strain curves for soils in triaxial tests are shown in Fig.3.1a. For normally 
consolidated clay in a drained test, the relationship between the deviatoric stress cr 1 -cr 3 
and the axial strain E 3 is characterised by a nonlinear response curve, which rises at a 
lower rate after reaching a certain stress level. . Straining is always associated with an 
increase in stress, namely strain-hardening. For overconsolidated clay in a drained test, 
the phenomena of strain-softening occurs. Sand, however, shows different properties 
from clay. In Fig.3.lb, loose sand in a drained test shows strain-hardening. Both loose 
sand in an undrained test and dense sand in a drained test show strain-softening. From 
the above test results, it can be concluded that a soil has strong nonlinear and strain-
dependent characteristics and is affected by many factors such as consolidation, drained 
conditions, etc. 
Because of this inherent complexity, many soil models have been proposed to describe 
soil behaviour ranging from very simple models to very complicated models. These can 
be summarised as linear elastic models, hyperbolic-elasticity models and elasto-
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plasticity models. Usually, an elasto-plasticity model is the best practical model. This 
elasto-plasticity model can be further separated into two parts; one being the simple 
elasto-plasticity model that is expressed by loading and unloading curves, but can not 
directly calculate pore pressure, the other being the advanced elasto-plasticity model 
that can directly calculate pore pressure and permanent deformation. More recently, 
advanced elasto-plasticity models have been used to study seismic soil-structure 
interaction (Lacy and Provest, 1986, Anandarajah et al., 1995, Li et al. 1997). 
drained test on 
overconsolidated 
clay 
drained test on 
Jl. 
drained test on normally 
consolidated clay 
a. Normal Consolidation Clay 
~-..... 
b. Sand 
Figure 3.1 Relation between Deviatoric Stress and Strain 
drained test on 
loose sand 
Usually, an advanced elasto-plasticity model originates from classical plasticity and is 
developed to reflect the main dynamic soil properties. The critical state concept is one 
of the most important developments and has been widely accepted in soil mechanics. 
Many sophisticated soil models have been proposed under this theoretical framework. A 
brief introduction to the theory is given below. 
In the following section, the stress parameters in the triaxial space are defined as 
(3.1) 
(3.2) 
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where a1 and a 3 are the axial and radial effective stresses and 0'2 = 0'3 • 
In the triaxial test of a virgin soil sample under a drained condition, the mean effective 
normal stress p and the void ratio e are related by a simple function when the deviatoric 
Normal consolidation 
line 
a 
Critical state 
· line Roscoe 
surface 
Normal 
consolidation line 
Projection. 
of CSL 
b 
Figure 3.2 Critical State Line and its Projection 
q 
stress q is absent. On the plot of void ratio e versus the logarithm of the mean effective 
noJ;mal stress p, the test result can be approximated by a straight line with a slope A. for 
loading and rc for unloading as shown in Fig.3.2a. They are referred to as the normal 
consolidation line (NCL) and the swelling line respectively. If q.is not zero, at failure,p, 
q and e ~re related by a unique function referred to as the critical state line (CSL) in p -
q- ~.space as shown in Fig.3.2b. The projection of.CS:f.., on the p- q plane is a straight 
line with a slope M while on the e ~ Logt/) plane it is a straight line parallel to the 
normal consolidation line as shown in Fig.3.2a. These relationships for all normally 
consolidated soils are valid under both drained and undrained tests and A, rc and M are 
constants for the same soil condition. In the p - q - e space, the continuous surface 
connecting NCL and CSL is referred to as a Roscoe surface under which over-
consolidated states are defined and above which are impossible states. The soil states 
urider the Roscoe surface are described as 'wet' because the soil has higher· water 
content than at the critical state. On the other side of the CSL, a surface which intersects 
with the Roscos surface along the CSL is called a Hvorslev surface along which the 
e 
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heavily over-consolidated clay sample reaches the critical state. Soil states under the 
Hvorslev surface are described as 'dry'. These surfaces are shown in Fig.3.2a. 
Based on the critical state concept, various plasticity models for soils have been 
developed. For example: in the Cap Model, the projection of the CSL in the p - q plane 
is adopted as a fixed yield surface and the cap is adopted as a moving yield surface to 
implement the hardening behaviour of the soil. It has been recognised that these models 
can represent most of the important aspects of the soil under monotonic loading and are 
relatively simple to implement in the finite element method. For cyclic loading, these 
models usually fail to satisfactorily predict some of the important aspects of soil 
behaviour. Because only an isotropic hardening rule is adopted, when the loading is 
reversed plastic strain can not be induced before the previously applied load is removed 
completely and the stress state point touches the yield surface again at the opposite side 
of the stress space. Soil usually does not behave elastically under cyclic loading within 
the yield surface defined in these models. In recent years, more sophisticated models 
have been developed for soil under cyclic loading. They are usually very complex 
mathematically and involve more parameters. A critical review on these models has 
been given by Chen and Mizuno (1990). 
In 1967,'Moroz introduced the nested surface model into the theory of plasticity. Since 
then this model has been developed to predict soil behaviour, and some modifications 
have been introduced by Prevost (1977), and Moroz, Norris and Zienkiewicz (1979) to 
model the important aspects of soil under cyclic loading. This model introduces a series 
of yield surfaces which can translate with no rotation and change their sizes in the stress 
space during the loading and unloading procedure as illustrated in Fig. 3.3, and 
kinematic and isotropic hardening rules are used. In this model, both origin anisotropy 
and plastic strain induced anisotropy behaviour can be described adequately and 
accuracy to a required level can be achieved by introducing the necessary number of 
yield surfaces. The disadvantage of the model is the extensive memory requirement in a 
numerical implementation. 
To overcome the shortcomings of the model, a bounding surface model was proposed 
by Dafalias and Popov (1976) and Krieg (1975) and introduced into soil mechanics by 
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fa} fbi 
o, 
lcJ (d) 
Figure 3.3 Nested Surface Model (a) Stress-Strain Curve (b) Before Loading 
(c) Loading Behaviour (d) Unloading Behaviour 
c 0 
(a) (b) 
Figure 3.4 Bounding Surface model: Definition of Stress Direction 
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Dafalias and Herrmann (1982). Instead of individually defining a series of yield 
surfaces, a bounding surface and a yield surface are introduced to define the direction of 
plastic strain increment. The yield surface defines the elastic region and translates 
without rotation within the bounding surface from the current stress state to an image 
point on the bounding surface, at which the outward normal vector has the same 
direction as that of the current stress state on the yield surface, as illustrated in Fig.3.4. 
Both surfaces can expand or contract simultaneously under the isotropic hardening rule. 
The amplitude of the plastic strain increment due to a stress increment is computed by 
defining a plastic modulus interpolation function in terms of the position of current 
stress state and the yield surface relative to the bounding surface. As a result, the model 
is considerably simplified and much less storage is required when compared to the 
nested surface model. 
In order to better understand these models and implement them into a finite element 
analysis, the theory of classical plasticity will be introduced in the following section. 
3.2 Basic Formulation of the Theory of Classical Plasticity 
For completeness, some basic formulae of the theory of classical plasticity are given 
here (Chen and Mizuno, 1990). It is usually assumed that a strain increment can be 
subdivided into an elastic strain increment and a plastic strain increment. 
(3.1) 
where the superscripts e and p represent elastic and plastic strains, respectively. The 
stress increment is related to the elastic strain by the generalised Hook's law 
(3.2a) 
(3.2b) 
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where K is the bulk modulus and G is the shear modulus. 8ii is the Kronecker delta 
symbol. When i = j , 8ii = 1. Otherwise 8ii = 0. The yield condition specifying the 
stress state at which plastic flow occurs is defined as 
F( aii,k(st)) = o (3.3a) 
where k is a hardening parameter defining the isotropic hardening rule and st is the 
plastic volumetric strain. The flow rule relating the plastic strain increment vector with 
the stress and stress increment vector is defined as 
(3.3b) 
When an associated flow rule is specified, then F = S. If an anisotropic hardening rule is 
introduced, a ii in the function F and S can be replaced with a ii - aii where aii denotes 
the translation of the surface centre in the stress space. When plastic flow takes place, 
the plastic strain increment for the associated flow rule may be given as 
(3.4a) 
(3.4b) 
dF 1 
n .. =---
u daii f (3.4c) 
and ( ) is an operator defined as 
(L) = L if L> o (Loading) (3.4d) 
(L) = L if L= o (Neutral loading) (3.4e) 
Chapter Three 45 
(L) = 0 if L < o (Unloading) (3.4f) 
H is the plastic modulus and can be obtained from the consistency condition that the 
stress state must always lie within or on the yield surface, ie. , F = 0 and dF = 0 and 
then 
nij oF ok H=------
f ok ae: 
Substituting Eq.3.4a into Eqs. 3.1 and 3.2, it follows that 
L = Drspqnrsd£pq 
H + Dabcdnabncd 
Substituting Eq.3.2b into Eq.3.5a, then 
L = 2Gnk1d£k1 + (K- 2G I 3)nssd£kk 
H + (K- 2G/3)n,, + 2G 
(3.4g) 
(3.5a) 
(3.5b) 
(3.6b) 
For the undrained case, d £kk = 0 and for an ideal elastic material, His zero. 
In the above, the elasto-plastic constitutive equation has been obtained by using 
classical plasticity, and the elasto-plastic stress matrix has been given in an explicit 
form. The following section will introduce an elasto-plastic soil model, the bounding 
surface model, that has been accepted widely by researchers and engineers because it 
has been verified by different tests. 
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3. 3 Bounding Surface Model Formulation and Implementation 
As discussed in section 3.2, the bounding surface model can capture the main soil 
behaviour. In this section, the formulation of the bounding surface model proposed by 
Dafalias and Herrmann (1986) and its implementation will be discussed in detail. 
3.3.1 Formulation of the Bounding Surface Model to Isotropic Cohesive Soils 
The formulation outlined in section 3.2 is applied to the bounding surface model except 
that the bounding surface is defined by 
(3.7a) 
where the superscript b stands for the bounding surface. 
(3.7b) 
where His the plastic modulus and If is the plastic modulus of the bounding surface. 
aF 1 
nij = aa~ f 
lJ 
and 
A simple radial mapping rule is applied 
f= ()F ()F 
[ ]
1/2 
aat aat 
Sij = bsij => J = bJ; S = bS; a= a 
(3.7c,d) 
(3.8a) 
(3.8b) 
where the superscript bar denotes the value on the bounding surface. Ic may be thought 
of as an isotropic back-stress. If the bounding surface intersects the positive I-axis at !0 , 
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one can assume Ic=Cia with O.S C< 1, the C being constant or variable with void ratio e. 
Therefore, The above equation becomes 
I = b(I - CI 0 ) + CI 0 (3.8c) 
the bounding plastic modulus and the elastic bulk modulus may be chosen as 
K = 1 + ein ((1-!I_) +!I_)3F,_ (F,_ I+ F,_) 
A-1( I I I I J 
0 0 
(3.9a) 
K = 1 + ein ((I - I ) + I ) 3K I I (3.9b) 
These stress invariants and their stress gradients used by the above equations are 
defined by 
dCTij 2] 
where a is the stress Lode angle; su the deviatoric stress; I, J and S are stress invariants. 
Dafalias and Herrmann (1986) chose the bounding surface described below and shown 
in Fig.3.5. The bounding surface consists of ellipse 1, hyperbola and ellipse 2. 
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For ellipse 1: 
For the hyperbola: 
For ellipse 2: 
s = _ T(Z +TF~); 
Z+2TF 
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p = Z(Z +2TF') 
RA 
Y=-· N' 
N 
F =--=== ~1+l, Z=N(1+y-R") R 
(3.10) 
(3.11) 
(3.12) 
The dependence on e occurs through /(e), and the dependence on a through the 
parameters N( a), R( a), and A( a) according to 
Q(a) = g(a,c)Qc 
2c g(a,c)=------
1 + c - (1 - c) sin 3a 
(3.13a,b,c) 
where Q stands for any one of N, R, or A. Qc is its value at a=JT/6 and Qe its value at 
a=-JT/6. These equations define a possible interpolation law between Qc and Qe. 
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Matching this bounding surface, a shape-hardening function and a practical plastic 
modulus are proposed: 
Figure 3.5 Schematic illustration of bounding surface and radial mapping rule in. stress 
invariant space 
(3.14a) 
" ( b )-I Kp =Kp+H ---s 
b-1 
(3.14b) 
where 
Finally, the explicit form of the Dijkl tensor is determined by using the associated flow 
rule giving the following form 
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(3.15a) 
in which 
-- e +- s .. e .. + --- e .. ---L _1 3KF GF • .J3o F,a[(sikski 3S
3suJ• 2;kk] 
B '1 kk J 'J '1 IJ cos(3a) bJ 1 2 21 4 IJ 3 (3.15b) 
(3.15c) 
(3.15d) 
- 1 + ein ((l It ) It } ( - . Kp=-- -- +- F,_ F,_I+F,_) 
A-K I I 1 I J 0 0 
(3.15e) 
3JR.J3 z=---
MI0 
. " 
where e ii is the rate of strain, h() is the heavyside function, Hand Kp are expressed in 
Eqs. 3.14a and 3.14b. 
In the bounding surface model, a total of 14 constants are required. They are listed in 
Table 3.1 in that subscripts e and c represent extension and compression respectively. 
Recapitulating the meaning of these constants, K, A, G or v, and Nc=M/( 3 .J3 ), 
Ne=M/(3 .J3) represent the slope of the critical state line (CSL) for a given a at stress 
invariant, J and I, space and Me and Me are the slope of the critical state line (CSL) at 
stress space p and q. The K and A can be determined by consolidation and swelling of 
triaxial specimens, G from the initial slope of deviatoric stress/strain curves, or by 
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assuming a constant Poisson ratio v and obtaining G=3K( 1-2 v)/(2( 1 + v) . Nc and Ne are 
determined by the friction angle at failure in compression and extension. The Rc, Re, An 
Ae, and T determine the shape of the bounding surface in compression and extension as 
shown in Fig.3.5, the first two for ellipse 1, the second two for the hyperbola, and the T 
for ellipse 2. The C, s, and hn he are related to the response for overconsolidated states, 
the first determining the projection centre Ic, the second the size of the elastic nucleus, 
the last two are the values of the shape hardening-factor h in compression and 
extension. All these constants can be determined by triaxial experiments. Usually /z and 
m can be fixed, lz=lO kPa and m=0.02, hence they are not included in the set of model 
constants. All parameters are shown in Eqs. 3.10 to 3.15. 
Table 3.1 Parameters of the Bounding Surface Model 
Parameter No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Parameter K G A Nc N. Rc R. Ac Ae T c s he He 
As mentioned above, s controls the size of the elastic nucleus. For s=1, the elastic 
nucleus shrinks to a point coinciding with the projection centre, and for s > 1, it has a 
finite size but smaller than that of the bounding surface. Although the introduction of 
the elastic nucleus improved the predictions, certain aspects of observed behaviour of 
clay can not still be predicted. For example: Sangrey et al (1969) observed that upon 
continuation of the cyclic loading, the total pore pressure builds up with increasing 
amplitude of loading. Anandarajah et al (1995) modified the method by employing a 
progressively vanishing elastic nucleus instead of a permanent elastic nucleus. This is 
achieved by allowing s to change as 
(3.16) 
where 1Jm is the previous maximum value 1]=RJ!Nlo , and so and a are fixed model 
parameters. Depending on the value of so and a, s may become unity for large 
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amplitude loading, thus making the elastic nucleus shrink to a point and eliminating the 
existence of the elastic domain within the bounding surface. 
3.3.2 Numerical Implementation of the Bounding Surface Model for Cohesive Soil 
Many numerical implementation methods of the plasticity model have been proposed 
(Desai, et al. 1984, Geradin, et al. 1981, Herrmann, et al. 1987, Owen, et al. 1980). In 
this section, only the numerical implementation of the bounding surface model for 
cohesive soil will be discussed (Herrmann, et al. 1987). 
For a nonlinear analysis, an incremental iteration procedure is called global iteration. 
The bounding surface model will provide only an estimate of the stiffness matrix so as 
to calculate an estimate of the present stress vector. 
Usually, the stress vector in the nonlinear analysis is expressed as: 
(3.17) 
where {Liao} is an unbalanced stress vector at the k-th iteration, and [D] is a stress 
matrix at the k4h iteration. N denotes the n-th solution time step at the global solution. 
K denotes the k-th iteration at the n-th solution time step. For simplicity, the above 
equation can be expressed as the following: 
(3.18) 
In elasto-plasticity, the relationship between stress and strain tensors is often expressed 
by the rate vector. This can be given as 
(3.19) 
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For a given solution time step, the desired relationship between stress and strain 
increments can be obtained by integrating over the step 
(3.20) 
For increment N, the strain rate is approximated by the finite difference expression: 
(3.21) 
For a given solution time step, the special conditions of all the strain components being 
proportional should occur. For a rate-independent model, if there is no water movement 
within the soil, the input history for the interval could be selected so that the rate of all 
components of { 8} are constant and are given by the above expression without 
approximation. Now an incremental relationship between stress and strain can be given: 
letting 
yields 
{/1 } IN {11a}=-8 j[D] dt 
f1tN I N-1 
1 IN [D]=- f[D]dt 
f1tN I N-1 
(3.22a) 
(3.22b) 
(3.22c) 
The next step is an accurate evaluation of the average value of [D] over the solution 
increment. The multi-step trapezoidal rule is adopted here. 
M substeps in the global solution time step will be used to generate the following 
evaluation: 
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[D]= f[:o] (3.23a) 
m=l m 
in which 
(3.23b) 
[D]m-tand [D]m represent the values of [D] corresponding to the stress and strain states 
at the beginning and end of a substep, respectively. If the substep of equal length is 
used, the strain is given at time t111 : 
(3.24) 
The stress estimate at the corresponding time is initially (in the first local iteration) 
taken to be: 
(3.25) 
That is, an estimate, equal to the value found in the previous substep, is initially used for 
{~a L . In the local iteration process, the value is successively modified by replacing 
{~cr },1-1 with improved estimates (using {~e }m and [D L from the previous local 
iteration). 
To avoid inaccurate integration and a stress state outside of the bounding surface, an 
internal parameter b can be used as a monitor. According to the theory of the bounding 
surface model, if b is less than 1, the stress state is outside of the surface. In general, b is 
set up as 0.999 (Herrmann, et al. 1987). For a nearly neutral loading path where 
inaccurate integration may predict "loading" when "unloading" should occur or vice 
versa, the second criterion is imposed as follows: jr;;- r;;j; r;; is required to be less than 
0.01, where r;; and E~ represent the sum of the absolute values of the calculated 
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incremental stress components at the end of the increment with different numbers of 
substeps. 
Classical radial return has been adopted to bring a point back to the bounding surface 
when the stress state is outside of it. This scaled stress state is then used to calculate the 
plastic modulus, but it is not used to update the size of the bounding surface as 
determined by the value of / 0 • The importance of using the unsealed stress for this 
operation stems from the fact that the size of the bounding surface is really controlled 
by strain considerations and the strains are not scaled. 
The scaling of the invariants of the stress yields: 
!scaled = b(l- clo) + clo; ]scaled = bJ; Sscaled = bS (3.26) 
When the stress state at the beginning of the step {a }N-l is outside of the bounding 
surface, the individual stress components are scaled back to the bounding surface as 
follows: 
1 {a}N-l =b{a}N-I + (1 b)cl0{1} scaled 3 
and a stress correction vector {Aa0 } is calculated: 
1 {Aa0}= -(1-b)({u}--cl0 {1} 3 
(3.27) 
(3.28) 
where the quantity { 1} represents the column vector equivalent of the Kronecker delta, 
i.e., the first three terms are unity and the last three are zero. This stress correction is 
incorporated into the global analysis by treating it as a strain-independent stress. 
The bounding surface model relates effective soil stress with strain. However, in a finite 
element analysis, only the total stress boundary condition can be considered. Several 
possibilities exist for modelling the pore-water pressure in soil: ideal drained conditions 
(where the excess pore-water pressure is identically zero), ideal undrained conditions 
(where the soil is completely saturated and no flow of water occurs) and the more 
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realistic situation where there is a global flow of water (the soil may be fully or partially 
saturated). The first case requires that loading should be very slow. The second case is 
suitable for loading rapidly, short loading duration and low permeability of the soil. The 
last case is close to the site condition but it is very complex. For an earthquake loading 
and clay site in this thesis, only the ideal undrained condition is considered. 
The total stress increment {Ao-} is the sum of the effective stress and the pore-water 
pressure increments 
{ilo-Y ={ilo-}+ilu{l} (3.29a) 
(3.29b) 
For the undrained conditions, the value of r is very large compared to the terms in [D] 
and thus the soil is like a nearly incompressible solid. For nearly incompressible 
conditions care must be exercised to avoid numerical round-off and problems of 
excessive constraint. As recommended by Naylor (1974), the reduced integration 
scheme is preferred and averaging the calculated stresses from integration points is 
taken as the element stress to reduce the stress error. 
Finally, the total stress can be represented by 
(3.30) 
The nine terms in the upper left 3x3 submatrix of [d] are each equal to r while the 
remaining terms are all zero. 
For showing characteristics of the bounding surface model, a sample mesh of four 8-
node elements shown in Fig.3.6 is used for the numerical testing. The nonlinear two-
dimensional analysis code written by the author is used for the analysis. 
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For the sample, only the x andy directions at the bottom of the sample are constrained. 
Other surfaces are free. The monotonic loading and unloading acts at the top of the 
sample and the loading step is small enough to avoid great deformation. The lateral 
pressure is 50kPa· The calculated relationship between the shear stress and shear strain 
at the centre of the sample is shown in Fig. 3.7. This curve is similar to most of the test 
results. 
·1.5 
y 
, 
I 
I 
I 
I 
I 
I 
,;'----------
X 
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3.4 Structural Modelling 
Like soil modelling, many structural models have been proposed from simple models to 
complex models. However, simple models are preferred by some researchers and 
engineers because they have been confirmed by many test results (Paulay and Priestley, 
1992). The bi-linear model shown in Fig.3.8 is one of these hysteretic models. 
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Figure 3.8 Sketch of Bilinear Model 
The one-component model in Fig.3.9 is employed to represent a structural beam or 
column. The relationship between moment and curvature can be expressed as: 
a 
Elastic Member 
(EI) 
Plastic Hinge 
Spring 
Figure 3.9 One Component Beam Model 
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{M·} [3fl 6fl ]{M!'}+_l [1 l]{M!'}+ !J..Ob _ !1Mb GA8 1 1 !1Mb 
6El 3El 
(3.31) 
1 0 
ka {::} 0 1 
kb 
El is the elastic stiffness, Lis the member length, GAs is shear stiffness, ki is the stiffness 
of plastic hinge, where i represents a or b. If the perfect plasticity is used at plastic hinge 
a or b, the numerical difficulties occur as infinite rotational flexibility exists. Therefore 
three cases will be solved respectively: 
a) only ka = 0 
b) only kb = 0 
c) ka=Oandkb=O. 
For the three cases, some certain methods must be taken (Carr, 1998). 
This bi-linear model and the one-component model are directly used in the structural 
analysis. 
3.5 Numerical Integration of the Dynamic Equilibrium Equations 
For seismic soil-structure interaction analysis, the dynamic equilibrium equation can be 
easily obtained from the virtual work principle or other similar methods. (Zienkiewicz, 
1977, Cook, 1990). Usually the dynamic equilibrium equation is a second-order 
ordinary differential equation so that a numerical integration method has to be used 
(Bathe and Wilson, 1976). Generally the numerical integration methods can be 
separated into two types; one being an explicit numerical integration method, for 
example, the central difference method, the other being an implicit numerical 
integration method, for example, the Newmark method, the Wilson-S method and the a 
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method. For different cases, different methods are preferred. In this section, several 
numerical methods will be introduced, after which their advantages and disadvantages 
will be discussed. 
Equations for the dynamic response of a structure can be derived easily by requiring the 
work of the external forces to be absorbed by the work of internal, inertial, and viscous 
damping forces for any small kinematically admissible motion. Using the finite element 
concept, dynamic equilibrium equations can be written as 
(3.32) 
where { ~} , { ~} and {u} are the acceleration, the velocity and the displacement; [M] , 
[c] and [K] are the mass matrix, the damping matrix and the stiffness matrix. Eq.3.32 
is a system of coupled, second-order, ordinary differential equations in the time domain 
and is called a finite element semi-discretization. Many numerical integration 
techniques have been used to solve it. The popular methods are the central-difference 
method, the Newmark method and the Wilson-S method. In recent years, the a-method 
has been given special attention. 
3.5.1 Explicit Direct Integration Method - the Central-Difference Method 
A popular method (Cook et al, 1990) which is characteristic of explicit methods in 
general is the central-difference method. It approximates the velocity and acceleration 
by the equations 
(3.33a) 
1 
!1t2 ({u }n+l - 2{u }n + {u },,_1) (3.33b) 
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Combining Eqs. 3.33a and 3.33b with Eq.3.32 provides 
[-4[M]+-1 [c]J{u}n+l {Rln [Kliu}, + !.l.t 2/.l.t 
(3.34) 
Eq.3.34 is conditionally stable and requires !.l.t such that 
(3.35) 
where llTmax is the highest natural frequency of free vibration and its accuracy is 
markedly time-step size-dependent. The central difference method is suitable for 
solving nonlinear material cases because the stiffness matrix does not need to be 
assembled at each time step. If the mass matrix is a diagonal matrix and the damping 
matrix [C] is a function of the mass matrix [M], Eq.3.34 can be solved very easily. Ifthe 
damping matrix [ C] is not diagonal, special numerical procedures must be considered so 
that [ C] is at the left of Eq .3 .34. 
3.5.2 The Newmark Implicit Integration Method 
The Newmark integration scheme can also be understood to be an extension of the 
linear acceleration method. It approximates velocity and displacement by 
(3.36a) 
(3.36b) 
In addition to Eqs. 3.36a and 3.36b, the equilibrium Eq.3.32 at time (n+l)!.l.t is 
considered: 
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(3.37) 
where a and 8 are parameters that can be determined to obtain integration accuracy and 
stability. When 8=112 and a=l/6, the relations in Eqs. 3.36a and 3.36b correspond to the 
linear acceleration method which is only conditionally stable. When 8=112 and a=114, 
the relations are the constant-average-acceleration method and it is unconditionally 
stable. Because of this property, its time-step size can be large. Accuracy, however, is 
very important in solving the dynamic equation, especially for nonlinear dynamic 
problems, hence the time-step size is limited by this factor. Another property of the 
Newmark method is that there is no artificial damping in the algorithm if 8=_!.. 
2 
3.5.3 The Wilson-S Method 
The Wilson-S method is an extension of the linear acceleration method. In the Wilson-S 
method, the acceleration is assumed to be linear from time t to time t+S.Llt, where S ;?: 
1.0. It approximates the velocity and acceleration as 
u =-({u}n+e81 -{u}J-2 u -- u { •} 3 {.} B.Llt{••} 
t+Oi'.t 8Llt n 2 n 
(3.38a) 
u =-2-2 ({ut+e8r -{ut -- u -2 u { •• } 6 6 {.} { •• } 
n+e& 8 .Llt B.Llt n , 
(3.38b) 
To obtain the solution for the displacements, velocities, and accelerations at time t+Llt, 
the equilibrium Eq.3.32 is considered at time t+S.Llt 
(3.39) 
where 
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(3.40) 
When 9 ~ 1.37, the Wilson-S method is unconditionally stable. Another property of the 
method is artificial damping provided by the algorithm. However, this artificial 
damping seriously affects the low-frequency part of the response. When only the low-
frequency part of the response is concerned, such as the analysis of the seismic free field 
that is controlled by low-frequency response of the response, the method will have 
serious effects on the results. 
3.5.4 The a Method 
Since a disadvantage of the Newmark method is that the algorithmic damping cannot be 
obtained, or only obtained at the expense of reduced accuracy, and the Wilson-S 
algorithmic damping affects the low-frequency part of the response, many researchers in 
more recent years have implemented the a method into their dynamic analysis 
softwares. The a method proposed by Hilber, Hughes and Taylor (1977) overcomes the 
weaknesses of the Newmark method and the Wilson-S method. It provides effective 
high-frequency dissipation and retains second-order accuracy for the linear dynamic 
analysis when the parameters are selected appropriately. In order to illustrate this 
method, the linear undamped dynamic equilibrium equations are considered: 
(3.41) 
Approximate solutions of Eq.3.41 can be obtained by one-step difference methods. To 
this end consider the family of algorithms defined by the following relations: 
[M ]{~} + (1 + a)[Kn+l Ku },z+l- a[Kn Ku }11 = {R },z+l 
ll+l 
(3.42) 
Displacement and velocity at the n+ 1 time step are expressed as follows 
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{u},., ~{u}, +~+L +M'[(~ -{J )H, +/JH.J 
H" +L +~{(l-y~~t +rH.J 
(3.43a) 
(3.43b) 
In the above equations, a, ~ and y are free parameters which govern the stability and 
numerical dissipation of the algorithm. If a = 0 this family of algorithms reduces to the 
Newmark family. In this case, if y = 112 the algorithms possess no numerical 
dissipation, whereas if y > 112 numerical dissipation is present (Cook, 1990). If ~ ~ 
~ ( r + ~ J , the a! gorithm in question is unconditionally stable. 
It is noteworthy that the parameter a controls the amount of damping in the numerical 
algorithm. As the a decreases, the amount of damping increases. In order to assure an 
unconditionally stable, second-order convergent scheme for the linear dynamic problem 
results the equation that the three parameters should be chosen such that _ _!:.~a~ 0, 
3 
y=.!.(l-2a), and fJ .!.(l-a)2 • When only low mode response is of interest the a 
2 4 
method is often advantageous to possess some numerical dissipation to damp out any 
spurious participation of the higher modes. However for a multi -storey framed structure, 
the higher modes often have the strong effect on the structural response (Carr, 1998) or 
when Rayleigh damping which is controlled by critical damping ratio is used, the 
Newmark unconditional stable algorithm is preferred. 
3.6 SSINAP2D Program Explanation and Testing 
SSINAP2D program is a two-dimensional seismic soil-structure interaction analysis 
program. The original static elastic program is from a book edited by Hinton and Owen 
(1977). In this program, a frontal equation solver was used. In order to save memory 
and increase calculation speed, a sky-line equation solver was used here to replace the 
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frontal equation solver, but most of the independent subroutines remain. Furthermore, 
the program was developed to carry out solid and structural dynamic analyses. In the 
dynamic analysis, the a integration method was used (Newmark integration method is a 
special case). For a nonlinear analysis, Newton-Raphson's predictor-corrector method 
was used. The analysis and iteration procedure follows the steps: 
Step 1: Initialise iteration counter i to zero 
(i)_ - 1 2 dn+l -dn+l -d11 +V11 Llt+(- fJ)a 11 Llt 2 
Step 2: Predictor v~~~ Vn+t =V11 +(1-y)a11 Llt 
a<0 = 0 
n+l 
where Kr is the global tangent stiffness matrix 
Step 5: Solve M !Jiila(i+l) lf/Ul 
Step 6: Corrector a<i+l) = a<i) + ~a(f+l) n+l n+l 
V (i+l) = v + ra<i+l) ilt n+l n+l n+l 
d fJa (i+l) A 2 n+l + n+! ut 
Step 7: 
urU+l) = (1 + a)J, - .rvf - Ma(i+l) 
'f' n+l '-"1n n+l 
Step 8: Convergence check and 
Then go to next time step; else set i=i+ 1 and go to Step 4 
Where a,~. yare parameters in the a method. 
In order to verify SSINAP2D accuracy, two tests were carried out. One is a linear fixed-
base 6-storey frame that was designed by Jury (Jury, 1978); the other is a soil-structure 
interaction problem that consists of the linear 6-storey frame, the foundation and the 
soil. They are shown in Fig.3.10. 
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Figure 3.10 Sketch of the 6-Storey Frame, the Foundation and the Soil 
The input earthquake record at SANTA CRUZ during the 1989 Lorna Prieta earthquake 
is shown in Fig.3 .11. The horizontal displacement time histories at point A calculated 
by SSINAP2D and RUAUMOKO (Carr, 1998) are shown in Fig.3.12 (in this example, 
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only the Newmark method is used because it is a special case). These two results are 
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very close. A slight difference is observed after 14 seconds of the excitation. 
The system consisting of the 6-storey frame, the foundation and the soil shown in 
Fig.3.10 is used to carry out a soil-structure interaction analysis. The results calculated 
at point A by RUAUMOKO and SSINAP2D are shown in Fig.3.13. It can be seen that 
the maximum displacement and frequency from both programs are nearly the same at 
point A. 
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3.7 Summary 
The soil is a very important part of any soil-structure interaction analysis and its 
behaviour is very complex. Many models have been proposed to describe the soil 
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properties. When compared with simple elastic models or simplified elastoplastic 
models, advanced elasto-plastic models show their advantages: one is that pore pressure 
and permanent deformation can be directly calculated; the second is that the kinematic-
hardening can be considered. In this Chapter, the bounding surface model has been 
discussed. Its advantages are that it needs less memory than the nested surface model 
and is easily implemented in software applications because of the simple radial mapping 
employed. 
In order to investigate seismic soil-structure interaction in this thesis, the bounding 
surface model has been implemented into the computer code. The result in Fig.3.7 
shows that the nonlinear analysis code can adequately predict the soil response. 
For the structure, the bi-linear model is used as the material model and the one-
component model is used as the numerical analysis model of the beam and column. The 
applications of the above model will be discussed in chapter 7. 
As the dynamic equilibrium equation is a second-order differential equation, a 
numerical integration technique has to be employed to solve it. In this Chapter, the 
advantages and disadvantages of four numerical integration methods were reviewed. 
When compared with the Newmark method and the Wilson-S method, the a method 
shows second-order accuracy and artificial damping, with the Newmark method being a 
special case. 
In order to implement the theories in this Chapter, a special purpose computer program, 
SSINAP2D, was designed. In the SSINAP2D program, the a method is used for the 
numerical integration, the Newton-Raphson method is used for carrying out the 
nonlinear iteration, and Rayleigh damping is employed to represent damping in the soil 
and the structure. Finally, the results calculated by SSINAP2D are compared with those 
calculated by RUAUMOKO. The program will be used in Chapters Six, Seven and 
Eight. 
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Chapter Four 
Transmitting Boundary 
- Boundary Element Method in the Time Domain 
4.1 Introduction 
As mentioned in Chapter 2, the far field simulation in soil-structure interaction has been 
a topic of considerable interest over the past twenty years. Two main methods, a general 
transmitting boundary method and a boundary element method, have been used to 
simulate the far field. When compared with the general transmitting boundary method, 
the boundary element method (BEM) is more rigorous. Usually the boundary element 
method is divided in modelled either the frequency domain or the time domain. When 
both the soil and structure in the soil-structure interaction analysis are considered as 
linear elastic materials, the boundary element method in the frequency domain shows its 
simplicity and is easily implemented. However if the structure is considered as a 
nonlinear material, the boundary element method in the time domain is to be preferred. 
In this Chapter, the boundary element method in the time domain will be discussed in 
detail, then it will be used in Chapter 6. 
In the following, a brief description of the necessary analytical formulation of the 
problem is given on the basis of the book by Eringen and Suhubi (1975). Betti's 
reciprocal theorem will be used to deduce an integral representation. A solution 
procedure will be discussed in detail. Finally, a benchmark problem will be solved by 
the boundary element computer code and the results will be compared with published 
data. 
4.2 Governing Equations 
The standard index notation has been adopted as in Chapter Two where summation is 
implied for repeated indices, commas and dots indicate spatial and time differentiation, 
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and Latin subscripts assume the values 1 to 3 for three dimensional analyses and 1 to 2 
for two dimensional analyses. 
The elastodynamic state of a three dimensional linear, isotropic region with volume R 
and surface B can be expressed as the N a vier-Cauchy equations of motion 
(clz -czz \__ ... +czzu . .. +f.= ~i JUI,IJ ],II j (4.1) 
where Uj = uj(x, t) is the displacement vector at the point x and at time t, jj is the body 
force per unit mass and c 1 and c 2 are the velocities of the dilatational and shear waves 
respectively, which can be expressed in terms of the Lame elastic constants A and p, and 
mass density p as 
(4.2a) 
ci=p,lp (4.2b) 
The traction tensor t ij and the displacement gradients are related by Hook' s law 
(4.3) 
whereb" ijis the Kronecker delta that has been introduced in Chapter 3. In addition, the 
following conditions should be satisfied along the boundary B, 
XE B, (4.4a) 
(4.4b) 
where t (n)i is the traction vector, n is the unit normal vector of a differential element on 
surface B, and B, u Bn =B. For soil-structure interaction problems, quiescent conditions 
are usually assumed, i.e., 
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• 
u1(x,t) = u;(x,t) 0, (4.5) 
if t s; 0, X E R u B 
4.3 The Integral Representation 
To generate the general form of integral equations replacing Eq.4.1, it is first necessary 
to specify the required fundamental solution that will be applied in this work. For this 
purpose, the fundamental singular solution of Eq.4.1 in an infinite solid medium due to 
a concentrated body force is employed. Such a body force can be expressed as 
P.f(x,t) f(t)8(x- ~)e (4.6) 
where x and ~are points in the infinite medium, ~z) is the Dirac delta function (if z is 
greater than or equal to zero, it equals z, otherwise it equals zero), e is the direction in 
which the above force is applied, and fit) is its time variation. Substitution of Eq.4.6 as a 
body force in Eq.4.1 will derive the equation of the response in the infinite soil medium 
in the form 
(4.7) 
where G u is the second order displacement tensor. Usually, G u is called the fundamental 
singular solution of the elastodynamic equations or the Stokes' displacement tensor and 
given by 
G 1k(x,t; ~If)= -41 {(37f?- J1k)J~~:Af(t-Ar)dA+ :rcp r r 1 
(4.8) 
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where 
and 
f(t-s):t:O, if t-s>O. (4.9) 
With the time retard functionf(t-s) used in Eq.4.8 and the substitution of u 1ofEq.4.7 
into Eq.4.3, the traction tensor t if can be expressed as 
(4.10) 
where 
6r.r.r.k J .. r.k + J.kr. + J.kr. r c22 r 2(-' 1-- lJ l J J '). [f(t- --2 f(t--)]+ 
rs r3 Cz cl ct 
• 
J.k r · + 8 ·k r. r r r 
I J J I [f(t -)- f(t --)]} 
r3 Cz Cz Cz 
(4.11) 
Eq.4.8 stands for the displacement component at time tin the i-direction at the point x 
due to a concentrated force of magnitude f (t) acting at the point ~in the k-direction. A 
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similar physical meaning is also attached to the tensor F iJ· The pair of fundamental 
singular solutions [G if, F if] is called the "Stokes" state of the quiescent past. 
The above fundamental singular solutions obey the causality condition 
if (4.12a) 
and have the following time translation property: 
(4.12b) 
The integral equation can be obtained by using Betti's reciprocal theorem. The obvious 
choice for one of the two elastodynamic states is the unknown state which is being 
sought. A judicious choice for the other state is the appropriate fundamental singular 
solution that satisfies the governing equations of motion in the region. The singular 
integral equations are of the form 
cifui(~,t) = J {Gif(x,t;~)*ti(x,t)- F;/x,t;~)*ui(x,t)}dS(x) (4.13) 
s· 
where ~is the source point and xis the receiver point. 
(4.14) 
r if is a discontinuity or jump term such that: (a) for ~inside the region it is equal to zero; 
(b) for ~exterior to the region it is equal to o if ; (c) for ~on the boundary of the region it 
is defined by the local tangent plane. 
Now that the three dimensional foundational singular solutions and integral 
representation have been obtained in Eqs. 4.8, 4.11 and 4.13, the two dimensional 
singular solutions can be obtained in two ways. 
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First, the three dimensional tensors Gu and F u can be transformed into the case of plane 
strain (Manolis 1983). Consider a cylindrical body of infinite extent along the Z 
direction, as shown in Fig.4.1. At a time t a wave that emanated from source point ¢ 
envelops a spherical region of radius R=ct, where c is the propagation velocity. Notice 
that ¢ is taken to lie on the XY plane for convenience, since both displacement and 
velocity vectors are now independent of the Z coordinate. Therefore, at time t the first 
of the two integrals appearing in Eq.4.13 becomes 
N Zx Lf f Gij(x,KM;¢)tJx,(N -K +1)ilt)dzdS(x) (4.15) 
K=l S Zx-1 
z 
Figure 4.1 Circular cylindrical cavity of infinite length-region affected by wave 
propagating from point ~ 
In the above equation, the current time t=NiJt with iJt being an appropriate time 
increment and X is the projection of x' on the XY plane. Furthermore, zk is the vertical 
distance X3 between x' and X at time KiJt, that is 
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If constant traction is assumed during the time interval [KL1t, (K-l)L1t], the above 
equation becomes 
N Lf o;(x,KM;~)ti(x,(N K +l)At)dS(x) (4.16a) 
K=l S 
where 
" Jdcfl J: G .. = (2/ 47rp)[ - 3 -(3r.r.- u .. )dz v c r ,1 ,; 1J 
(4.16b) 
where r is the distance between x and~ and that i andj assume the values 1 and 2 only. 
Similarly, the second integral of Eq.4.13 can be written as 
i:J nm{~jm(x,KAt;~)u;(x,(N -K +l)At)+QiJm(x,KAt;~)~i(x,(N -K +l)At)}dS(x) 
K=l S 
(4.17a) 
where 
(4.17b) 
and 
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(4.17c) 
Furthermore, the velocity Ui in Eq.4.17a can be replaced by a backward finite 
difference in time 
. 
u1(x,(N- K +1)At) :={u1(x,(N- K +1)At)-u1(x,(N- K)At))}l At (4.17d) 
Another approach is to use a corresponding solution for two dimensions which can be 
directly obtained from the three dimensional solution via the method of descent 
(Eringen and Suhubi 1975), i.e. the fundamental displacement singular solution in two 
dimensions for a unit impulse uniformly distributed along the z-axis is 
The desired 2 dimensional fundamental singular solution is 
" 1 G .. = 
u 2np 
(4.18) 
(4.19) 
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where subscripts i, j range from 1 to 2 and His the Heaviside function 
H(H)={~ if if t-z->0 t-z-<0 
77 
(4.20a,b) 
The Heaviside function ensures causality. In view of this, the fundamental displacement 
solution can be alternately written as 
(4.21a) 
where 
when (4.21b) 
0 
<1 
r 
~(rr) o_ffi_ >1 r 
g2 
m:~--:I¥F 
when (4.21c) 
c2t 1 
0 -< r 
The fundamental traction solution is derived by using the expression in Eq.4.3 and 
finally the Heaviside function is introduced to assure the causality condition. It takes the 
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form F.~=___.!:!___ _!_H[czt -1 
11 2trpr c1 r 
where 
ar 
A1 =(AI f.J,)n.r. + 2r.r. I ,] ,1 ,] an 
ar . 
A3 =-(2r.r. -o .. )-n.r. an ,1 ,] IJ 1 ,1 
(4.22) 
The above integral representation can be suitable for three-dimensional or two-
dimensional problems and produces the radiation condition, where only an outward 
flow of energy is allowed at infinity. Thus, reflections from infinite boundaries are 
eliminated. 
4.4 Numerical Treatment 
Since it is difficult to mathematically resolve Eq.4.13 while dealing with arbitrary 
boundary geometry and complicated time variation of the related functions, a numerical 
approach is usually sought as in the finite element method. In the time domain, the 
method consists of two levels of discretisation, namely time and space, as shown in 
Fig.4.2. With regard to time discretisation, the real time axis is divided into a number of 
equally spaced time intervals in which displacements and tractions are assumed to have 
either a constant or a linear variation. With regard to spatial discretisation, the boundary 
B of the domain of interest is discretised into a number of linear elements for two 
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dimensional analysis and rectangular elements for three dimensional analysis where the 
variation of the field variables is described according to the same shape functions. In 
order to develop accurate boundary element method algorithms, it is essential that 
isoparametric representations of the geometry based on polynomial shape functions are 
similar to those used in the finite element method. In this section, only time integration 
will be discussed in detail. Firstly, the three dimensional solution will be discussed, then 
the two dimensional solution will follow. 
In order to integrate the time convolutions analytically, the time interval of interest t N is 
discretised into N time steps of duration At, so that t n =ndt, where n=l, 2, ... , N. The 
current time is denoted as t. A linear time variation is assumed for both displacements 
and tractions at a given station xi as shown in Fig.4.2b. The displacement can be written 
as 
(4.23) 
8 7 
Ui 
u~ 1 
2 ~ 6 3 
5 t, t3 ts 
(a) Eight-node quadrilateral element (b) Linear variation of displacement vector u 
with respect to time 
Figure 4.2 Sketch of Spatial and Time Discretisation 
t 
where u ~ contains the spatial variation of the displacements at time t n • A similar 
formula can be written for the tractions. Furthermore, 
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<I> n (t) = H (t- (n -1).£\t)- H (t- nL\t) (4.24) 
where His the Heaviside function. 
Now consideration is focused on the second term of the integral representation of 
Eq.4.13. One has 
(4.25a) 
where do, e0, fo, go, hu are shown in Manolis and Beskos (1989). Substituting Eq.4.23 for 
u; in the above and considering each term, one obtains 
I 
Jfav8(t-r !_)u;(x,r)drdS(x) 
so ct 
(4.25b) 
Then 
c21 I 
J J J 8(t-Ar r)u;(x,r)drAdAdS(x) 
S cj"1 0 
and finally 
(4.25d) 
In the above, 
where 
0 
if 
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r r 
t---5.,nAt-5.,t--
c 2 
r 
t-->nAt 
Cz 
with Yc = (t - nAt) I r . The definition for J 11 is following 
0 r t--<nAt 
Cz 
J = ~( > :,, J if r -5.,nAt -5.,t r t II 
Cz cl 
~[:;- c~ J r >nAt t c2 
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(4.25e) 
(4.25f) 
(4.25g) 
The remaining terms eu and hu in Eq.4.25a are evaluated by replacing c 1 with c2 in Eqs. 
4.25b and 4.25c. The contribution of the Gu*ti kernel can also be derived by substituting 
au, bu, and cu for du, eu, and fii, respectively, in the expressions for the F u*uj kernel. 
Thus, all time integrations are evaluated by closed-form expressions and only the 
surface integrations need to be done numerically. 
Under the above discretisation, the boundary integral equation in Eq.4.13 is written for 
a number of M boundary elements with a total of Q nodal points (if constant elements 
are used M=Q) is transformed into a system of 3Q linear algebraic equations for each 
time step N. In a matrix summation form it can be expressed as 
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N Q L L[Gn,s ]{t<N-n+l),s} _ [Fn,s ]{u(N-n+l),s} (4.26) 
n~l s=l 
where {u p,q} or {u p,s} is the displacement vector of the receiver point q=l, .... ,Q or 
the source point s=l, .... ,Qat time step p, and {tp,s} is, similarly, the traction vector. 
The displacement tensor [G n,s] and the traction tensor [Fn,s] represent the time- and 
space-discretised equivalents of fundamental solutions in the time domain. Physically, 
the 3x3 displacement tensor G ;~s represents the displacement component in the direction 
i at the nodal point q (receiver) and time step n due to a rectangular impulse traction 
component in the direction k acting at nodal point s (source) during the time step. A 
similarly physical meaning is attached to the 3x3 traction tensor. 
For the two dimensional temporal integration, constant and linear temporal variations 
can be used. As in the three dimensional case, time integration is treated by analysis and 
spatial integration has to be done numerically. 
Constant time variation 
The displacements and tractions are assumed to be constant during a time step. 
Therefore, they can be taken out of the integration. Thus the time integration can be 
expressed as 
nAT 
a;-n+l = J Gij(x,T;~,-r)d-r (4.27) 
(n-l)AT 
A similar expression for the traction kernel can be used to yield 
N 
cii (~)u~ (~,T) = LJ[c;-n+ltin (x)- FJV-n+lu; (x)~S(x) (4.28a) 
n=l s 
where the convolution is given in the explicit form, as 
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I!.T 
atn+l = f Gij(x,T;;,r)dr 
and 
where 
c.z 
a =-1_. 
i ' r 
0 
andA1, A2 andA3 have been defined earlier. 
Linear time variation 
The displacements and tractions are expressed by 
and 
where Mt( 'Z) and M 2( r) are linear temporal shape functions, given by 
r-T M (r) = n-1. 
1 J}.T ' 
M (r) = Tn - r · T < < T 
2 J}.T ' n-1 - 'r - n 
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(4.28b) 
(4.28c) 
(4.28d) 
(4.29a) 
(4.29b) 
(4.29c) 
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Subscripts 1 and 2 refer to the forward and backward local time nodes respectively. 
These linear temporal shape functions are shown graphically in Fig.4.3 
Node2 
Figure 4.3 Linear temporal shape functions 
The convoluted boundary element equation for linear temporal variation is 
N 
cij (q)u~ (q) = L J c[a~-n+lt; (x) + G~-n+\n-1 (x)] 
n=l 
(4.29d) 
The explicit expressions of a:!-n+l a:!-n+l pN-n+l pN-n+l are listed in Appendix One. ~ , ~ , ~ , ~ 
In the above, time discretisation in three dimensional and two dimensional analyses 
have been introduced. The spatial discretisation method is the same as in the finite 
element method. 
4.5 Numerical Integration Schemes 
Due to the singular characteristics of the fundamental solutions in carrying out the 
integrations indicated in Eq.4.13 ( when r becomes zero in Gij), two cases are 
distinguished: 
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Nonsingular Case 
When the distance r between the receiver node q and the source node s remains finite, 
the integration in Eq.4.13 can be performed by a standard Gauss quadrature scheme. For 
improved accuracy, an element can be divided into subelements. This depends on the 
minimum distance rmin between element and field points and on the minimum Lnnn and 
maximum Lmax element side lengths. The subdivision is determined by an intrinsic 
coordinate system, Gaussian integration scheme K3L and tolerance error c. Lachat and 
Watson (1976) gave an approximate relationship between these parameters. 
(2K + l)(-a-) 2K ;5;, cab 
4rmin 
b (2L+l)(--) 2L ;5;,cab 
4rmin 
(4.30a) 
(4.30b) 
where a and b are the dimensions of a subelement. For a line element, the criterion of 
subdivision is given as 
(4.30c) 
Singular Case 
When the receiver node q belongs to the source element, a singularity will occur. Due to 
the nature of wave propagation, such a case will be encountered only during the first 
time step. The singularity of the discretised fundamental solution G~s is of order 1/r , 
while that of F~t of order llr 2 
As far as the displacement singular solution G ;is is considered, the singularity 1/r can be 
removed by transforming the local Cartesian coordinate system to a polar coordinate 
system. For the first time step, the "active" area surrounding a source point a is a full 
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circle centred at a. Hence, during the first time interval Lit, the displacement tensor of 
Eq.4.8 can be expressed in terms of polar coordinates as 
Gi~s = _1_(.!.(--\----\-) 11 (31j;k - ~k)NsdrdfJ 
4np 2 c2 c1 P 0 r 
(4.31) 
where 'i = r cos fJ, r2 = r sin fJ , 13 = 0 for a plane, R 1 and R 2 are the distance travelled by 
the dilatation and shear waves within the first time step Lit, and [/3, a] is the range of 
integration as shown in Fig.4.4. In view of the above equation, it is clear that the 
singularity has been eliminated. 
a 
Figure 4.4 Notation for Spatial Integration over Singular Area 
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In two dimensions, it is necessary to divide the element into subelements only if the 
singular node lies inside the element. Numerical integration in all cases is carried out 
using the Gaussian quadrature formula with a weighting function log(l/Tj) (Stroud and 
Secrest 1966). 
As far as the traction kernel integrand F;;: is concerned, for plane elements, it has the 
same type and order of singularity as the corresponding elastostatic kernel. The singular 
integral is evaluated in the following way: 
f F.:rans dS = f F.~tatic dS +f (F.:rans _F. static )dS I} I} I} I} (4.32) 
s s s 
The first integral on the right hand side of the equation is singular and its evaluation 
using the technique of rigid body motions is well known. However, for this technique 
the body must have a closed boundary. Thus for half-plane problems, the region of 
interest must be enclosed with a fictitious boundary. For detailed discussions of the 
procedure refer to the papers by Ahmad and Banerjee (1988) and Henry and Banerjee 
(1988). A similar numerical integration can be used in two dimensions. 
4.6 Solution Procedure 
After the temporal and spatial discretisation, a system of algebraic equations can be 
developed. For each boundary node, the equation can be put into matrix form as 
(4.33) 
where { t} and { u} are global vectors of the nodal tractions and displacements 
respectively with the superscript referring to the time-step index. 
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At time T, only part of the boundary variables are unknown, the rest are known and so is 
the past history of the response. The above equation then can be rearranged to give 
(4.34a) 
or (4.34b) 
in which {X} is a vector of the unknown quantities and { Y} is a vector of known 
quantities at timeT and {R} represents the effect of past dynamic history on the current 
time step. The above equation can be solved for the unknown boundary values using 
any standard matrix equation solver. 
4.7 Numerical Example 
The method presented in the above section is implemented into a computer code. A 
numerical example will be introduced here. An elastic half-plane r under discontinuous 
boundary stress distribution is shown in Fig.4.5. A half-plane is initially at rest with 
uniform compressive tractions T on r applied as a step function in time, as given by 
T(x,O,t)= -p(x,O)oH(t-0) where p = qh(x+b){l-H(x-b)}, where H() is heaviside function. 
The vertical impulse force of intensity q = 6.896x10 k.N/m acts on a strip of 2b = 
146.4m width. The supporting homogenous, linear elastic soil medium is characterised 
by a modulus of elasticity E = 1.724x10 k.N/m, mass density p = 3.151tlm and 
Poisson's ratio v = 0.25. Thus, the propagation velocities of the dilatational and 
distortional waves are c1 = 8.306x10 m/s and c2 = 4.724x10 m/s. Points A, B and Care 
measured points. 
Chapter Four 
q 
E, v,p 
Figure 4.5 Spatial discretisation of the half-plane under discontinuous boundary stress 
Distribution 
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The calculated displacements at points A, B and C under the above load are shown in 
Fig.4.6. When compared with published data (Antes, 1986), the results are comparable. 
4.8 Summary 
In this Chapter, the boundary element method in the time domain is presented in detail. 
The three dimensional displacement and traction singular solutions have been given. Its 
integration representation is obtained by Betti's reciprocal theorem. The two 
dimensional displacement and traction singular solutions can be obtained by directly 
integrating the three dimensional singular solution or alternately by using Manolis's 
method. Numerical integration schemes and the solution procedure are introduced in 
detail. An implemented computer code is used to calculate a benchmark problem. The 
results show the method can be used to simulate an elastic half-plane deformation 
characteristics under dynamic loading. 
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Chapter Five 
Chapter Five 
Coupling Boundary Elements and Finite Elements in 
the Time Domain 
5.1 Introduction 
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In the boundary element method, known fundamental solutions of the governing 
differential equations can be used to obtain solutions for boundary value problems. This 
means that only the boundary of the domain to be analysed has to be discretised and this 
is in contrast with the finite element method that requires a subdivision of the whole 
domain. The discretisation effort is, therefore, greatly reduced for problems analysed by 
the boundary element method because only the surface has to be divided into elements, 
hence coordinate and connectivity data are specified on the boundary only. But the 
boundary element method also exposes its disadvantage that the fundamental solutions 
are only available for a linear elastic and homogeneous domain. It also leads to 
coefficient matrices that are fully populated and non-symmetric and this contrasts with 
the sparsely populated and symmetric matrices obtained for the finite element method. 
This means that, for the same number of equations, substantially more computer time is 
spent in establishing and solving the equations for the boundary element method. In 
most cases, however, the number of boundary element equations will be considerably 
less than the number of finite element equations. 
The finite element method, because of the volume discretisation, is ideally suited to 
problems involving non-homogeneous, anisotropic and nonlinear domains, but it is not 
suitable for modelling the far-field influence for problems in soil-structure interaction. 
Here the boundary element method is much better suited because the boundary 
conditions at infinity can be satisfied exactly by the fundamental solution. 
In order to profit from the advantages of each of the two basic approaches, while 
avoiding their disadvantages, it seemed to be quite promising to develop combined 
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formulae. Zienkiewicz, Kelly and Bettes (1977) were among the first authors to propose 
a coupling of finite elements and boundary elements. Since then, there have been 
several papers suggesting coupling techniques; a summary with references and further 
details were given by Brebbia, Telles and Wrobel(1984) and Vallabhan (1987). 
The early publications mostly considered potential and fluid-structure interaction 
problems. Fundamental works in this field have been carried out by Brebbia and 
Georgiou (1979); Beer and Meek (1981); Li, Han, Mang and Torzicky (1986); 
Swoboda, Mertz and Beer (1987). 
In recent years, some researchers have focused their attention on the development of 
coupling procedures for elastodynamic problems. Amongst others, Kobayashi and Mori 
(1986) have used a combination of the boundary element method with the finite element 
method for the solution of soil-structure interaction problems, when their model was 
formulated in the frequency domain. Spyrakos and Beskos (1986), and Karabalis and 
Beskos (1985), respectively, considered plane and three-dimensional soil-foundation 
problems in the time domain using boundary elements for the soil and finite elements 
for the foundation. Estorff and Prabucki (1990) considered soil-elastic block interaction 
by coupling the boundary element method and the finite element method and used this 
coupled method to solve nonlinear problems. 
In this Chapter, a differently deduced procedure will be employed to obtain similar 
coupled formula to those of Estorff and Prabucki' s, but avoiding the transform and 
inversion calculations in Estorff and Prabucki' s approach, and will be shown to be more 
easily implemented into a computer code. Finally, the method will be extended into 
seismic soil-structure interaction analysis. 
5.2 Formulation 
In this section, the basic governing equation, the assumptions, the boundary element, 
finite element formulations and the coupling procedure will be discussed. Finally a flow 
chart is given that shows how the method can be directly implemented into a computer 
code. 
Chapter Five 93 
5.2.1 Governing Equation and Assumptions 
For a homogeneous, isotropic and linear region, the mechanical behaviour can be 
expressed by the Navier-Cauchy equations of motion (Eq.4.1) 
(5.1) 
where c1 and c2 are the velocities of the dilatational and shear waves, respectively, 
which can be expressed by elastic coefficients (in Chapter 4, they are expressed by 
Lame constants). To use the same elastic constants as in the finite element method, the 
elastic coefficients are used). 
-v) c2- . 
1 
- p(l + v )(1 - 2v) ' 
2 E 
c =----
2 2p(1+v) (5.2) 
where E indicates Young's modulus and vis Poisson's ratio. p stands for the mass 
density of the elastic medium. 
The boundary conditions and initial conditions are summarised as follows: 
a) boundary conditions (specified along r = rl u rz) 
t;(x,t)=aijnj =t;(x,t) 
b) initial conditions 
u; (x,t) = u;o(x) 
u(x,t) = UiO(X) 
for t > to on r 1 
for t > to on r 2 
for t = to on r and in Q 
where overbars indicate prescribed values and nj are the direction cosines of the outward 
normal to the boundary r. The traction components Gij(x,t) can be expressed as 
functions of displacement derivations according to Eq.4.3 
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5.2.2 Boundary Element Formulation 
Following Chapter 4, Collocation at each boundary node and at all time steps finally 
leads to a system of algebraic equations (Eq.4.17) 
(~[I]+[ F }{u}= [F Ku }= [G ]{t} (5.3) 
where {u} and {t} are vectors of all nodal displacements and tractions, respectively. [G] 
and [F] represent influence matrices which contain integral terms evaluated over each 
boundary element (numerically) and over each time step (analytically). 
Considering the properties of the influence matrices one obtains from Eq.5.3, a relation 
between {u}and {t} that can be given as: 
(5.4a) 
p=l p=l 
or 
· n-1 
[Gl ~~~ }= [Fl Kun }-L c[c<n-p+l) ~<P> }- [F <n-p+l) Ku <P> }) (5.4b) 
p=l 
Furthermore, Eq.5.4b can be expressed as 
(5.4c) 
Assuming 
(5.4d) 
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{7} (5.4e) 
substituting Eq.5.4d and Eq.5.4e into Eq.5.4c gives 
(5.4f) 
According to Eq.5.4f, [ K J can be considered as the stiffness matrix of a boundary 
element. { f} can be considered as a load that is produced by the time history. 
5.2.3 Finite Element Formulation 
The dynamic equilibrium equation in the finite element domain has been obtained in 
Chapter 3. In order to simplify the procedure, viscous damping is neglected here. If 
viscous damping is to be considered, it can be very easily incorporated. The dynamic 
equilibrium can be expressed as 
[M l{~} + [KRu}= {p} (5.5) 
where [M] is the mass matrix, either a lumped mass matrix or a consistent mass matrix 
(Clough and Penzien, 1993), [K] is the stiffness matrix in the finite element domain and 
{p} is the external load vector. Because Eq.5.5 is a second-order differential equation, 
numerical integration must be employed. Here the Newmark constant-average 
acceleration method is used. At tm = nAt, velocity and acceleration can be expressed as 
(5.6a) 
96 
where 
8=0.5; 
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8 h2 = (1--) , 
a 
1 h5 =-a D.t ' 
a= 0.25(0.5+8) 
8 ~ =(1--)D.t 
2a 
1 h6 =(1--) 
2a 
(5.6b) 
The integration process can be realised either at an element level or, after assembling 
the local matrices, at a system level. Both approaches lead to a so-called effective 
stiffness matrix [KeffJ and an effective load vector {Peff}· 
(5.7a) 
where 
(5.7b) 
and 
(5.7c) 
5.2.4 Coupling Procedure between Boundary Elements and Finite Elements 
In order to exploit the advantages of the boundary and finite element methods, all 
domains can be subdivided into a boundary element domain that represents an infinite 
domain and a finite element domain that represents the near field and the structure. 
Fig.5.1 shows the two different domains, where subscript i represents a contact 
boundary between the boundary element domain and the finite element domain and 0 
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represents a non-contact boundary; superscripts b and f denote the boundary element 
domain and the finite element domain, respectively. 
The coupling of the boundary element and the finite element is performed by imposing 
compatibility and equilibrium conditions along a contact boundary between the two 
domains and an assumed weld condition along the contact boundary. Compatibility and 
equilibrium conditions can be expressed as 
(5.8) 
To meet Eq.5.8, the equilibrium equations, Eq.5.7a in the finite element domain and 
Eq.5.4e in the boundary element domain, will be rearranged according to the contact 
and non-contact boundaries. 
Figure 5.1 Sketch of boundary element and finite element domains 
Rewriting Eq.5.7a for the contact and non-contact boundaiies 
(5.9a) 
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Therefore, the node load vector at the contact domain can be expressed as 
(5.9b) 
In Eq.5.4e, the solution is a traction, but in Eq.5.9b, the solution is the nodal load. 
Therefore, the traction has to be converted into a nodal load: For any one element, the 
relation between the traction and the nodal load can be expressed as 
(5.10) 
where [D] is expressed as 
for a 3-node quadratic element, and 
for a 2-node line element. 
In the above, N~ = J NiN ids and [I] is a 2x2 unit vector. 
s, 
In the boundary element domain, the nodal load can be expressed as 
(S.lla) 
= K {ub(n) }- f [BJ {B}b(n) 
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Rewriting Eq.5.11a for a contact and non-contact boundaries gives: 
Separating Eq.5.1lb into 
{pg(n) }= K oo {ug<n> }+ K 01 {u:(n) }- f 
0 [B ]b [B ]b {H }b(n) 
{pt<n) }= K 10 {ug<n) }+ K ii {u;<n) }- f 1 [B ]b [H Jb {H }b(n) 
FromEq.5.1lc 
Substituting Eq.5.11e into Eq.5.1ld 
[H Jb [H ]b[H Jb-l[H ]b [H ]b[H ]b-l = ( K u - K to K oo Kat ){u:<n) }+ K to K oo {pt<n>} 
[H. ]b [ H Jb-l {H }b(n) - {H }b(n) + K ,o K oo f 0 f t 
[H Jb [H ]/J[H Jb-l[H ]b Let [K]BB = Kif Kto Koo Kot 
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(5.llb) 
(5.11c) 
(5.1ld) 
(5.11e) 
(5.11) 
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[H ]b[H Jb-l {H }b(n) {H }b(n) {J }= K w K oo c{p~<n> }+ f o ) - f i 
Therefore 
(5.1lg) 
Eq.5.1lg is multiplied by the matrix [E], where the [E] matrix is given by 
(5.1lh) 
Therefore Eq.5.1lh can be wtitten as 
{ {o} } [[o] [o] ]{ {o} } {{o}} {p:<n>} = [0] [K]88 {u:<n>} + {J} (5.11i) 
where the subscript BB denotes the degree of freedom for the contact part between the 
boundary element and the finite element. 
Combining Eq.5.8, Eq.5.9b and Eq.5.11i gives 
(5.12) 
(5.12)Eq.5.12 is the coupling equation of the boundary element and the finite element. 
After {ui} is formed, it is substituted into Eq.5.1le to solve for the displacements of the 
non-contact nodes in the boundary element domain. 
From this coupling procedure, it is seen that a finite element package and a boundary 
element package only need to be slightly modified, for example; by directly inserting 
Chapter Five 101 
the boundary element into the finite element procedure. The following flow chart 
illustrates the procedure. 
Flow Chart of coupling boundary element and finite element 
Assemble stiffness, mass and damping matrices 
for the finite element mesh 
Step 1 + 
Form the effective stiffness matrix and the 
effective load vector 
Step2 ~ 
Partition the effective stiffness matrix and the 
effective load vector of the finite element into a 
submatrix and a subvector based on contact and 
non-contact boundaries 
Step 3 
• Assemble the stiffness matrix and the load vector 
of the boundary element mesh 
Step4 + 
Partition the stiffness matrix and the load vector 
of the boundary element mesh into submatrices 
and subvectors based on contact and non-contact 
boundaries 
StepS l 
Couple the boundary element and the finite 
element mesh according to Eq .5 .12 
Step 6 
• Solve the equations using a standard equation 
solver 
Figure 5.2 Flowchart for coupling boundary element and finite element 
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The above procedure can be directly assembled into a linear or a nonlinear dynamic 
analysis procedure. In most cases, additional steps are very simple and are easily 
implemented. 
5.3 Summary 
In this section, a coupling procedure has been proposed and the resulting procedure has 
been introduced. Its advantage is that the coupling is preceded by a direct method and 
current finite element packages and boundary element packages can be used. Changes 
to the programs are simple and easy to achieve. The coupling procedure is illustrated in 
a flow chart that can be utilised in a linear analysis or a nonlinear analysis. The 
procedure will be implemented and used in Chapters Six and Eight. 
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Chapter Six 
Investigation of the Effect of Nonlinear Site Amplification on 
Structural Response 
6.1 Introduction 
It has long been recognised that the passage of seismic waves through near surface 
layers can produce free ground motions that are amplified and of different frequencies. 
A typical example is the 19 September 1985 Mexico City earthquake. Although 
attributed to special geological conditions, many researchers have demonstrated the 
phenomenon called local site amplification using numerical methods. 
Among the numerical methods for local site amplification, SHAKE (Schnable, et. al. 
1972) is well known. It is, however, only one-dimensional and an equivalent linear 
analysis method. Lysmer et. al. (1974) developed a two dimensional program LUSH 
which utilised the same frequency domain analysis method as in SHAKE. Joyner 
(1975) developed a nonlinear analysis method and extended the method to model a two-
dimensional analysis. Taylor and Larkin (1978) suggested a nonlinear analysis method 
and Larkin (1978) extended the method to a two-dimensional analysis. Larkin's method 
has similar characteristics to Joyner's, in that a simplified soil model was used. 
Arulanandan et. al. (1997) utilised a bounding surface model to analyse the local site 
responses and compared these responses with results from SHAKE. Their conclusion 
was that the bounding surface model could effectively capture the nonlinear response of 
the soil and its pore pressure characteristics. 
If the ground response is given, the effect of a local site on the structural response can 
be easily shown by comparing the results with those from a fixed-base structural 
response. When a linear or nonlinear site analysis method is used, the difference 
between responses for the fixed-base structure will show the effect of the site analysis 
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method. The method will be used to illustrate the effect of local site amplification on a 
structural response. 
In order to show the effect of local site amplification on structural response, several 
cases will be considered. Firstly, the Lorna Prieta earthquake record (17 October 1989) 
which was an accelerogram at SANTA CRUZ is scaled to a strong shaking motion and 
a weak shaking motion, having maximum accelerations of 0.433g and 0.0433g, 
respectively and the strong shaking motion is shown in Fig.6.1. Then linear and 
nonlinear soil models are used to investigate the local site amplification of the free field 
motion when subjected to the input motions. The structural responses will be calculated 
using the ground response of the free field. Secondly, three different sites will be 
investigated by the nonlinear analysis in order to further display characteristics of the 
nonlinear local site responses and demonstrate their effects on the structural response. 
Finally, the Lorna Prieta (17 October 1989), the El-Centro (1940) and the Parkfield 
(1966) earthquake records are used to show the effects of different acceleration time 
histories on the nonlinear local site responses. Then the structural response is calculated 
using the above ground responses of the free field 
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6.2 Comparison between the Two-Dimensional Linear and Nonlinear 
Local Site Responses and Their Effects on Structural Response 
In this section, the local site response calculated by the linear and nonlinear analyses 
and their corresponding effects on the structural response will be investigated. The finite 
element method will be employed as the numerical model and the bounding surface 
model introduced in Chapter 3 will be employed as the material model, whose 
parameters are listed in Table 6.1. The natural vibration period of the site is 0.82s. The · 
far field modelled by the boundary element will be assumed to be linear and 
homogenous. 
The scaled input acceleration time histories shown in Fig.6.1 are used in the calculation. 
They have a duration of 20 seconds. 
Table 6.1 Parameters in the bounding surface model 
Void ratio( e) Ko A. K Me M./Mc Rc ~ c he hJhc 
1.18 0.5 0.21 0.02 1.35 0.8 2.0 OA 0.3 6.0 1.0 
The calculated domain shown in Fig.6.2 is lOOm wide by 30m deep. Below 30m is 
linear elastic rock. 
Rock and soil properties are: 
Rock 
p =2700kg/m3 
Cs=2000m/s 
cp=3750m/s 
Soil 
p =1800kg/m3 
Cs =146m/s 
cp =273m/s 
Three output points A, B and C shown in Fig.6.2 are chosen at the centre of the mesh 
and at depths of Om, 15m and 27m below the surface. The acceleration time history and 
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the acceleration response spectra will be calculated at each of these points. Here only 
vertically propagating SH waves are considered. 
I A~ 
,J,/f' 
C,J,/f' 
lOOm 
Figure 6.2 Mesh of Analysis Domain 
6.2.1. The Strong Input Motion 
The acceleration time history in Fig.6.la represents the input motion from the basement. 
It will be used to compare the local site responses from the linear and nonlinear 
analyses. The responses on the ground surface will then be used as input motions to 
calculate the responses of the fixed-base 6-storey frame designed by Jury (Jury, 1978), 
which is shown in Fig.3.11. 
The linear elastic model, the simplest model, has only two parameters, the shear 
modulus and Poisson's ratio. The shear modulus is usually assumed to be constant or 
else to have a linear distribution with depth. In order to simplify the calculation, only 
the constant distribution is used in these analyses. To remain consistent with the 
nonlinear analysis and to be representative of a typical soil, Poisson's ratio is set at 0.3. 
In the nonlinear analysis, the bounding surface in the bounding surface model will be 
affected by the initial stress state, stress history and stress path. 
30m 
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6.2.1.1 The Local Site Response When Subjected to the Strong Input Motion 
The acceleration time histories calculated from the both linear and nonlinear analyses at 
three points A, B and C are shown in Figs. 6.3 and 6.4. For point A, the acceleration 
time histories calculated from the linear and nonlinear analyses show a great difference 
in acceleration amplitude, frequency content and duration. The linear analysis amplifies 
the maximum acceleration of the input motion by a factor of approximately 1.8 and its 
maximum acceleration is about twice that observed in the nonlinear analysis. On the 
other hand, the nonlinear analysis lengthens the duration of the strong shaking of the 
input motion and changes its frequency content. The maximum peak ground 
acceleration from the nonlinear analysis is slightly less than that of the input motion. 
For point B, the results from both linear and nonlinear analyses are similar, but the 
frequency contents show a slight difference. For point C, the results from both analyses 
are approximately the same. The aforementioned differences at points A and B can be 
explained as following: when a stress state reaches the yielding state, the shear strain 
will rapidly increase so that the shear modulus and shear wave velocity reduce and the 
soil damping increases. These factors result in the maximum acceleration amplitude 
from the nonlinear analysis being less than that from the linear analysis. On the change 
of duration of the strong shaking, Marsh (1992) gave the following explanation: This 
variation of the shear modulus results in a general dispersion of the waveform in the. 
nonlinear solution, where waves with a low shear wave velocity travel slowly, and. 
waves with a high velocity travel more quickly, and therefore the waveform is stretched 
out in time. 
From Fig.6.4, it is seen that acceleration amplitudes and frequency contents. at points A 
and C display a great difference. The reason is that due to the different initial stress 
states of the soil at different depths, the bounding surface at different points in the 
domain will be at different places in the stress space. When subjected to the same 
loading, the point with a low consolidated pressure will yield first. Therefore, point A 
shows strong nonlinear characteristics, whereas point C displays a linear response. 
Chang et. al. (1990) analysed downhole ground motion data from Taiwan and found 
that the shear modulus and shear wave velocity in a surface layer decreased as the level 
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of shaking increased. The same reason can be used to explain how the maximum peak 
ground acceleration from the nonlinear analysis is slightly lower than that of the input 
motion. This result is also supported by Idriss (1990) who suggested that if the 
maximum input acceleration is greater than about 0.4g, the maximum ground 
acceleration at a clay site will be de-amplified. 
When comparing the acceleration time history at the ground surface from the nonlinear 
analysis with that from the linear analysis, the linear analysis overpredicts the peak 
ground acceleration. It can be seen that the difference of the results between the linear 
and the nonlinear analyses decreases as the depth increases. When the depth reaches 
point C, the results from the linear and nonlinear analyses are nearly the same. This will 
be discussed again in the following sections. 
In a seismic structural response analysis, the acceleration spectrum is often used to 
express the design earthquake force. In order to compare the effect of different analysis 
methods on the structural response, the acceleration spectra calculated from the linear 
and nonlinear analyses at the ground surface are shown in Fig.6.5. 
At points A, B and C, the three acceleration spectra show different characteristics. At 
the predominant periqd of the input motion, the spectral peak acceleration from the 
linear analysis at point A amplifies that of the input motion by a factor of approximately 
2 and its predominant period undergoes a slight change. The shapes of both the 
acceleration spectra are nearly the same, which illustrates that the frequency content is 
not greatly changed. The acceleration spectrum from the nonlinear analysis, however, is 
different from that of the linear analysis. The maximum spectral acceleration at point A 
is nearly the same as that of the input motion, but its predominant period is longer than 
that of the input motion. Therefore, the input acceleration spectrum is amplified by the 
soil at the predominant period from the nonlinear analysis. This feature may be 
explained as follows: because of soil yielding, the soil shear modulus reduces so that the 
natural vibration period is lengthened. In order to show this feature, the displacement 
spectra from the linear and the nonlinear analyses at points A, B and C are drawn in 
Fig.6.6. 
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The spectral displacement from the nonlinear analysis at point A is about 3 times that 
from the linear analysis. This also confirms that the stiffness of the soil reduces and the 
displacement increases on the ground surface with the nonlinear analysis. The spectral 
accelerations from the linear and the nonlinear analyses at point B only show a slight 
difference. 
The above comments are mainly concerned with the differences between the linear and 
the nonlinear analyses. The following observation can be made. When subjected to a 
strong input motion from the basement rock, a linear analysis amplifies the input motion 
and overpredicts the response at a surface layer. The frequency content of the response 
at the ground surface is similar to that from the input motion. For a nonlinear analysis, 
the yielding of soil lies at a surface layer. In the investigation, the maximum peak 
ground acceleration and spectral peak acceleration from the nonlinear analysis at the 
ground surface is close to those from the input motion. When compared with the results 
from the linear analysis, the predominant period from the nonlinear analysis at the 
ground surface is lengthened and its frequency content is changed. At the predominant 
period of the ground response from the nonlinear analysis, the spectral acceleration of 
the input motion is amplified. As the depth increases, the results from the nonlinear 
analysis become closer to those from the linear analysis. 
6.2.1.2 The Effect of Local Site Response on the Structural Response 
In order to compare the effect of the acceleration time histories from the linear and 
nonlinear analyses on structural response, acceleration time histories at the ground 
surface (in following sections, they are called linear input motion and nonlinear input 
motion) are used directly as input motions to calculate the responses of the Jury fixed-
base 6-storey frame. 
Displacement time histories and the maximum displacement envelopes at nodes 7, 13 
and 19 in Fig.6.7 generated by the linear and the nonlinear input motions are shown in 
Figs. 6.8 and 6.9. It is seen that the maximum displacements generated by the nonlinear 
input motion are greater than those generated by the linear input motion. However, from 
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Figs. 6.4 and 6.5, the maximum peak acceleration and spectral acceleration from the 
linear analysis are greater than those from the nonlinear analysis. This result can be 
explained by the predominant period of the ground response as follows: 
The predominant period of the ground response from the linear analysis is about 0.3s 
and the spectral peak periods of ground response from the nonlinear analysis are 0.5s, 
l.Os and 1.3s. The natural vibration period of the Jury fixed-base 6-storey frame is 
1.142s. With the nonlinear input motion, because the peak period is very close to the 
natural vibration period of the frame, resonant response occurs and this results in a 
greater displacement than that given with the linear input motion. 
Node 19 _..,.. 
Jury two bay 6-storey frame 
del3 + 
Fundamental period T=l.142 s 
No 
No de7 
_..,.. 
//////// 
Figure 6.7 Sketch of Jury 6-storey frame 
As mentioned above, when a site is subjected to a strong shaking motion, the soft clay 
site will produce a response with a longer predominant period at the ground surface 
which is different from that at the rock. When compared with the structural responses 
generated by the linear input motion in this case, the displacement at the top floor 
generated by the nonlinear input motion is greater than that caused by the linear input 
motion. 
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6.2.2 The Weak Input Motion 
In the previous section, the local site responses from the linear and nonlinear analyses 
have been discussed when a site is subjected to a strong input motion. A substantial 
difference has been seen between the linear and the nonlinear analyses. In this section, 
the local site responses and the structural responses will be discussed when the site is 
subjected to a weak input motion from the basement rock. 
6.2.2.1 The Local Site Response When Subjected to the Weak Input Motion 
The acceleration time history of the weak shaking motion whose maximum acceleration 
is 0.0433g is displayed in Fig.6.lb. The acceleration time histories from the linear and 
the nonlinear analyses at points A, Band Care displayed in Figs. 6.10 and 6.11. 
From Figs. 6.10 and 6.11, it can be seen that the acceleration histories at points Band C 
are similar. The comparison at point A, however, shows some differences which 
indicate the yielding of soil in the nonlinear analysis, but when compared with the 
calculated results subjected to the strong input motion in Fig.6.4, both analyses at point 
A show very close each other. When comparing the peak ground acceleration from the 
linear analysis with the maximum input acceleration, the difference is a factor of 
approximately 1.5. It is very clear that the soil amplifies the input motion when 
subjected to the weak input motion. This result has also been found by many researchers 
using a range of different models (Marsh, 1992). 
The acceleration spectra from the linear and the nonlinear analyses are displayed in 
Fig.6.12. This figure shows that spectral acceleration amplification not only occurs from 
the linear analysis, but also from the nonlinear analysis and that the amplification from 
the linear analysis is slightly larger than that from the nonlinear analysis. This result 
illustrates nonlinear local site amplification. On the other hand, the nonlinear analysis 
clearly amplifies the spectral peak acceleration at 1.0 second at point A. When 
compared with the results from the linear analysis in this case, the nonlinear analysis 
will affect the structural response over a wide range of natural periods of free vibration. 
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From the above comparisons, it is seen that the results from the linear and nonlinear 
analysis show acceleration amplification at the ground surface when the site is subjected 
to the weak input motion from the basement rock. 
6.2.2.2 The Effect of the Local Site Responses on the Structural Response 
The acceleration time histories at the ground surface from linear and nonlinear analyses 
shown in Figs. 6.10 and 6.11 will be used as input motions to calculate the response of 
the Jury fixed-base 6-storey frame. 
The displacement time histories at Nodes 7, 13 and 19 and the maximum displacement 
envelopes generated by the linear and the nonlinear input motions are shown in Figs. 
6.13 and 6.14. Although the input acceleration time histories from the basement rock for 
both analyses are same, in the site response analysis, the spectral peak acceleration at 
1.0 seconds at the ground surface is greatly amplified in the nonlinear analysis. Hence 
the maximum structural displacement calculated by the nonlinear input motion is 
greater than that due to the linear input motion by about 20 percent. The reason is the 
same as that from the strong input motion, namely the peak period at 1.0 seconds is 
close to the natural vibration period of the structure. 
6.3 Comparison among Different Site Responses from the Nonlinear 
Analyses 
In the above sections, the local site amplification and structural responses subjected to 
strong and weak input motions have been discussed. Different soils, however, show 
different characteristics of strength and deformation. Therefore evaluating different site 
responses and their effects on structural response will have some significance. In order 
to compare the differences among different sites, three sets of soils are selected 
(Arulanandan, et. al, 1997) and they will be subjected to the strong input motion. The 
parameters of the soils are listed in Table 6.2 and their natural vibration periods are 
0.68s, 0.82s and 0.44s. 
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Void Ko A. K Me M./Mc Rc Ac T c he h.!hc 
Ratio 
1.10* 0.5 0.167 0.007 1.36 0.8 2.0 0.2 0.01 0.1 3.0 1.0 
1.18 0.5 0.21 0.02 1.35 0.8 2.0 0.4 0.01* 0.3 6.0 1.0 
1.04 0.5 0.29 0.04 1.35 0.8 2.0 0.4 0.01* 0.3 6.0 1.0 
'*' represents an assumed value. 
The acceleration time histories at points A, B and C for the three sites are shown in 
Fig.6.l5. The results at point A for the three sites all show soil yielding so that the 
maximum ground accelerations are less than or equal to the maximum acceleration of 
the input motion from the basement rock, frequency content of the ground response is 
different from that of the input motion, and the duration of strong shaking of the input 
motion is lengthened at the ground surface. When comparing Figs. 6.15a and 6.15b with 
Fig.6.15c, it is clear that their frequency contents are different. This illustrates that soft 
clay shows yielding at a surface layer. 
The acceleration spectra for the three sites are plotted in Fig.6.16. In this figure, it is 
notable that the spectral peak acceleration at the predominant period of the input motion 
gradually reduces from point C to A for sites 1 and 3. The reason is that the natural 
vibration period of the soil site shifts as the soil yields. 
Following the method in section 6.2, the acceleration time histories at the ground are 
used as input motions to calculate the fixed-base 6-storey frame response. The 
displacement time histories at nodes 13 and 19 for sites 1, 2 and 3 and the maximum 
displacement envelopes are displayed in Figs. 6.17 and 6.18. All analyses show large 
structural displacements. The maximum displacement difference over these sites is of 
the order of 25% to 30%. 
The following observations can be drawn. Soft clay sites display nonlinear properties 
when the site is subjected to strong input motion from the basement rock. Because of 
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Figure 6.15 The Acceleration Time Histories at Different Points for the Different Sites 
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Soil yielding, the seismic responses at a surface layer show differences from those 
obtained from the input motion in both frequency content and duration and the natural 
vibration period of the soil at the ground surface is lengthened. For different sites, 
different acceleration time histories at the ground surface are obtained and they generate 
different structural responses. 
6.3 Comparison of the Ground Response When Subjected to 
Different Input Motions 
In order to compare ground response subjected to different input motions, the Lorna 
Prieta (1989), the Parkfield (1966) and the El-Centro (1940) accelerograms are selected 
as input earthquake records. These are shown in Fig.6.19a. Their acceleration spectra 
are presented in Fig.6.19b. 
The acceleration time histories from both the linear and nonlinear analyses at different 
points are shown in Fig.6.20 for the Parkfield and Fig.6.21 for the El-Centro 
earthquakes. In comparing the ground responses from both the linear and the nonlinear 
analyses for the Parkfield earthquake in Fig.6.20, it is clear that the waveforms are 
nearly the same at points B and C. This means that their frequency contents are nearly 
the same. When comparing the acceleration time histories at points A, B and C for the 
Parkfield and the Lorna Prieta earthquakes, the yielding layer for the Parkfield 
earthquake is not as deep as for the Lorna Prieta earthquake. 
The acceleration time histories from both the linear and nonlinear analyses at points A, 
B and C under the El-Centro earthquake are shown in Fig.6.21. The acceleration 
amplitudes, frequency contents and strong shaking durations from the two analyses at 
point C are nearly the same. Although frequency contents at point B have a slight 
difference in the first 10 seconds, they are still similar. Yielding occurs on the ground 
surface such that the acceleration amplitudes, frequency contents and strong shaking 
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durations from both the linear and the nonlinear analyses are different. 
Both ground surface accelerations for the Parkfield and the El-Centro earthquakes, 
however, show a great difference with regard to acceleration amplitude and frequency 
content. These results can be explained from the viewpoint of soil strength. When the 
soil is subjected to repeated loading, soil strength will reduce when compared to its 
static strength. However, when subjected to impulse loading, soil strength will increase. 
Although the soil displays yielding in the nonlinear analysis for the Parkfield 
earthquake, its peak ground acceleration still is about 1.7 times greater than the 
maximum acceleration of the input motion. 
The acceleration spectra from the linear and the nonlinear analyses at points A, B and C 
for the El-Centro and the Parkfield earthquakes are shown in Figs. 6.22 and 6.23. It is 
seen from Fig.6.22 that the predominant periods at points B and C are nearly the same, 
but at point A the spectral acceleration from the nonlinear analysis is greatly amplified 
in the range of period from 1.0 to 2.2 seconds when compared with that from the linear 
analysis. The spectral accelerations at points B and C for the Parkfield earthquake have 
the same characteristics as those for the El-Centro earthquake, but at the ground surface 
for the El-Centro earthquake, more spectral peaks occur. 
When comparing the results from the linear and nonlinear analyses under the El-Centro 
and the Parkfield earthquakes, it is found that the different earthquake acceleration time 
histories generate different linear and nonlinear acceleration spectra, but they all show 
that nonlinear behaviour amplifies the spectral accelerations of the input motion. On the 
other hand, the ground response is greatly affected by the input acceleration time 
history. 
For the El-Centro and the. Parkfield earthquakes, the fixed-base 6-storey frame 
responses are again calculated by using the ground surface responses as input motions. 
Their displacement time histories and displacement envelopes are shown in Figs. 6.24, 
6.25, 6.26 and 6.27. The input motion from the nonlinear analysis results in a greater 
structural displacement. 
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Figure 7.20 Comparison of the Acceleration Time Histories for the Linear and 
Nonlinear Analyses at Points A, B and C under the Parkfield Earthquake 
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Figure 6.25 The Maximum Displacement Envelopes for the Linear and Nonlinear 
Analyses Under the El-Centro Earthquake 
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As mentioned above, different earthquake acceleration time histories will generate 
different responses at the ground surface. When subjected to the El-Centro earthquake, 
the peak ground acceleration is close to the maximum acceleration of the input motion. 
When subjected to the Parkfield earthquake, however, the peak ground acceleration is 
greater than the maximum acceleration of the input motion. The reason is that the 
Parkfield earthquake is similar to an impulse loading. In this case, the soil strength is 
higher than the static strength. Because of yielding near the ground surface for these 
earthquakes, their acceleration amplitudes, frequency contents and strong shaking 
durations display a great difference between the linear and nonlinear analyses. The 
spectral accelerations from the nonlinear analysis are amplified at the predominant 
period of ground response. The results from the linear and nonlinear analyses gradually 
become more alike as the depth increases. This reflects that the preconsolidated pressure 
of the soil directly influences the soil response. 
6.5 Summary 
In this Chapter, the local site amplification and their effects on the structural response of 
a frame have been discussed when the site is subjected to strong and weak input 
motions from the basement rock. Some conclusions can be drawn. When subjected to 
strong input motion, soft clay will yield in a surface layer. The peak ground acceleration 
from the nonlinear analysis is less than that from the linear analysis, the frequency 
content of the ground response is different from that of the input motion, and the 
duration of strong shaking of the input motion is lengthened at the ground surface. As 
the depth increases, the results from the linear and nonlinear analyses become similar to 
each other. The frequency contents of the ground response from the linear and nonlinear 
analyses show a great difference so that the structural responses calculated by both 
surface motions show a great difference. 
When a site is subjected to weak input motion, the results from the linear and nonlinear 
analyses show similarity at different depths and the acceleration of the input motion 
from the basement rock is amplified on the ground surface. Although the structural 
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responses generated by the nonlinear surface motion are greater than those from the 
linear surface motion, the difference is slight. 
Nonlinear site amplification is determined by many factors. The input motion from the 
basement rock is one of the important factors. For example, although the maximum 
acceleration for the Parkfield earthquake is larger than that for the El-Centro 
earthquake, the peak acceleration of the ground response under the El-Centro 
earthquake is nearly the same as the maximum acceleration of the El-Centro earthquake, 
however the peak acceleration of the ground response under the Parkfield earthquake is 
greater than the maximum acceleration of the Parkfield earthquake. Therefore, the 
maximum acceleration of the input motion at the basement rock is not only important to 
assess ground surface response of the site, the acceleration time history of the input 
motion is also important. 
The fixed-base structural response is influenced directly by the ground response from 
the linear and nonlinear analyses. By comparing the effects on the structural response 
between the acceleration amplitude and predominant period of the ground response, the 
predominant period of the ground response is more important. The reason is that when 
the predominant period of the site and the natural vibration period of the structure are 
close, resonance will occur. 
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Investigation of Seismic Soil-Structure Interaction Using a 
Linear Soil Model 
7.1 Introduction 
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The behaviour of structures subjected to an earthquake is affected by the foundation 
and its surrounding soil. Until the advent of nuclear power stations or offshore 
platforms with their heavy and stiff structures, soil-structure interaction had not been 
given any special attention (Wolf, 1985). Many experiments and site measurements 
(Mita, et al 1989, Meli, et al 1998) have been carried out to show the importance of 
the soil-structure interaction. Many numerical methods have been proposed. Common 
examples are the lumped-mass method, the substructure method, the finite element 
method and the boundary element method. Advantages and disadvantages of both the 
lumped-mass method and the finite element method have been illustrated by Seed, el. 
at. (1975) and Hadjian, el. at. (1974). 
The above researches have shown that the effect of soil-structure interaction on 
structural response depends on site conditions, structural properties, foundation types 
and input motions. Normally the natural free-vibration period can describe the 
characteristics of the site conditions and the structure, and the predominant period can 
describe characteristics of the input motion from the basement rock. Therefore these 
parameters can be used to investigate the effect of soil-structure interaction on the 
structural response. In order to realise this objective, five sites, two multi-storey 
frames and two earthquake motions are chosen for the study and soil-structure 
interaction and fixed-base cases will be discussed in this Chapter. In one case, both 
the soil model and the structural model are linear. The second case is where the soil 
model is linear when the structural model is bilinear. In each case, the effect of the 
structure on the ground acceleration response is investigated, then the effects of soil 
properties, structural properties and soil-structure interaction on the structural 
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response are investigated. The program, RUAUMOKO (Carr, 1998), will be used to 
analyse both cases. 
To illustrate the effect of the soil behaviour on structural response, five different sites 
have been chosen and are shown in Table 7.1 each having a different natural vibration 
period. 
The shear modulus and Poisson's ratio of the soil are very important parameters in 
soil-structure interaction analysis. The shear modulus usually changes with depth, for 
example in a linear fashion, but for the sake of simplicity, a uniform soil modulus is 
used in this research. In order to compare the calculated results in these cases, the 
Poisson's ratio is assumed to remain constant and is taken as equal to 0.3. 
Table 7.1 Five Different Sites and Their Properties 
No Site 1 
T (sec.) 0.7 
G (MPa) 52.6 
T: Natural vibration petiod 
G: Shear modulus 
Site 2 
0.9 
32.3 
Site 3 Site 4 
1.1 1.25 
21.4 16.6 
Site 5 
1.5 
11.5 
Two structural systems are investigated in this study: A twelve storey two-bay Jury 
frame (abbreviated J12) and a six storey two-bay Jury frame (abbreviated J6) (Jury, 
1978). Both structures are reinforced concrete moment-resistant frames and were 
designed in accordance with the New Zealand design code (NZ4203, 1978 and 
NZ4203, 1982). The floor height and span of J12 is 3.65 by 9.2 metres, the total 
height of the frame is 43.8 metres and its fixed-base natural vibration period is 2.24 
second. The floor height and span of J6 is 3.35 by 5.50 metres, the total height of the 
frame is 20.1 metres and its fixed-base natural vibration period is 1.142 second. 
When the structural model is bilinear, the post-yield stiffness was taken as 2.5% of the 
elastic stiffness and only the beams and ground floor columns were allowed to be 
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inelastic assuming that the frame was designed following a "capacity design" 
approach (Paulay and Priestley, 1992). 
The first strong earthquake motion employed is one from the Lorna Prieta earthquake 
of 1 ih October 1989. The initial twenty seconds containing the main part of the 
earthquake (maximum acceleration=0.433g) are used as the input motion from the 
basement rock. Its acceleration time history and its acceleration spectrum are shown 
in Figs. 6.la and 6.lb. The second is a motion from the Mexico City earthquake of 
19th September 1985. The initial sixty seconds containing the main part of the 
earthquake are used as the input motion from the basement rock. The acceleration 
time history and acceleration spectrum are shown in Figs 7.la and 7.lb. The reason 
for selecting these two motions is that they have different predominant periods, 0.25s 
and 2.0s respectively. 
In above models, the near field and structure are simulated by the finite element and 
the far field is represented by the dashpot boundary (Lysmer and Richard, 1969). An 
assumption is therefore introduced into the calculation, that far field domain is linear. 
In this study, only a vertically propagated SH wave and a surface foundation are 
considered. The coupled (soil-structure interaction) and uncoupled (fixed-base) cases 
discussed in Chapter Two are shown in Figs. 7.2a and 7.2b 
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The Lorna Prieta earthquake of 171h October 1989 has been discussed in the last 
Chapter. Here its effect on the structural response will be investigated and in the 
calculation, soil-structure interaction and fixed-base cases will be considered. The 6-
storey frame will be discussed first, then the 12-storey frame. 
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7.2.1 The 6-Storey Frame 
For the five different sites, the effect of soil-structure interaction on the structural 
response is investigated using the linear and nonlinear structural models. The first is 
to evaluate the effect of the structure to the ground acceleration response. The method 
used is to compare the acceleration time histories and acceleration spectra between the 
free field and soil-structure interaction at point 0 in Fig.7.2a. Then the structural 
response is evaluated by considering the effect of soil-structure interaction. The 
displacement at the top floor, the maximum inter-storey shear force and the rocking of 
the structural foundation are calculated and compared with those in the fixed-base 
case,when the acceleration time history from soil-structure interaction analysis at 
point 0 shown in Fig.7.2a is used as input motion. 
7.2.1.1 The Effect of the Structure on the Ground Acceleration Response 
An acceleration time history can show the acceleration amplitude, frequency content 
and acceleration phase. Comparison of the acceleration time histories between the free 
field and the soil-structure interaction cases at point 0 are shown in Fig.7.3. The soil 
modulus has a great impact on the acceleration time history at point 0 regardless of 
the free field or soil-structure interaction case. As the soil modulus reduces, the 
natural vibration period of the site increases, but the acceleration amplitude at point 0 
reduces. 
Although comparison of the acceleration time histories is one way to illustrate the 
effect of the structure on the ground acceleration response, the acceleration spectrum 
clearly show the difference at point 0 using the free field and soil-structure 
interaction analyses. Comparison of the acceleration spectra at point 0 between the 
free field and soil-structure interaction cases is given in Fig.7.4. This figure shows 
some important characteristics. When the predominant period of the input motion is 
not equal to the natural vibration period of the site, the acceleration spectrum at point 
0 will contain two peaks whose periods are nearly equal to the predominant period of 
the input motion and the natural vibration period of the site. When the two periods are 
close to each other, the spectral peak acceleration whose period is equal to the 
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predominant period of the input motion will be amplified. Fig.7.4 also shows that the 
spectral acceleration from the free field case is greater than that from the soil-structure 
interaction case at point 0. The effect of the structure on the ground acceleration 
response at point 0 is clear. 
In order to reflect the effect of the site on the ground acceleration response, the 
difference of amplitudes of the spectral peak accelerations between the free field and 
soil-structure interaction cases is shown in Fig.7.4f. When the natural vibration 
periods of the site and structure are close to each other, the difference is large. 
When the bilinear model is used to model the structural behaviour, comparison of the 
spectral accelerations at point 0 for the linear and nonlinear structural models is 
shown in Fig.7.5. The structural material behaviour has little influence on the 
acceleration response of the ground at point 0. 
7.2.1.2 Evaluation of the Structural Response 
In order to show the structural response by considering soil-structure interaction, a 
reference case with a fixed-base structure is proposed and shown in Fig.7.2b. The 
displacements at the top floor for the fixed-base and soil-structure interaction cases 
from the linear analyses are shown in Fig.7.6. The displacements at the top floor for 
the fixed-base case are greater than that for the soil-structure interaction case when 
the natural vibration periods of the site and structure are close to each other. In the 
soil-structure interaction case, the maximum displacements at the top floor in the five 
sites show only a slight difference. 
In order to further analyse the above results for the soil-structure interaction case, the 
natural vibration period of the soil-structure systems are listed in Table 7 .2. The 
natural vibration period of the soil-structure system is greater than that of the structure 
or the site, which illustrates that the natural vibration period of the structure is 
lengthened. Therefore, the effect of the input motion on the structural response for the 
soil-structure interaction case is small. 
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Table 7.2 Natural vibration period of Soil-Structure System 
No Sitel Site2 Site3 Site4 SiteS 
System Period 1.391 1.532 1.708 1.851 2.112 
T(s) 
In order to display the effect of different sites on the structural response for the linear 
analysis, the relationship between the maximum displacement at the top floor and the 
ratio of the natural vibration periods for the fixed-base and soil-structure interaction 
cases is given in Fig.7.6f. This figure shows the effect of resonance from the fixed-
base case on the structural response and the effect of the soil-structure interaction on 
the structural response. The reason for the above results is that for the fixed-base case 
there are two spectral peak accelerations on the ground surface (shown in Fig.7.4) and 
the longer period for the spectral peak acceleration is close to the natural vibration 
period of the structure so that resonance occurs. However, for the soil-structure 
interaction case the predominant period of the input motion is much less than the 
natural vibration period of the soil and structure system so that the effect of soil-
structure interaction reduces displacements at the top floor. 
The. displacements at the top floor for the fixed-base and soil-structure interaction 
casesfrom the nonlinear analyses are given in Fig.7.7. The displacements at the top 
floor do not show resonance for the fixed-base case, which is different from the 
results from the linear analysis. The reason is due to the yielding of the structure so 
that the natural vibration period of the structure is lengthened. By comparing the 
maximum displacements at the top floor for the fixed-base and soil-structure 
interaction cases from the nonlinear analyses, only a slight difference can be seen. 
The above discussions focus on the effect of soil-structure interaction on the 
maximum displacement and displacement time history at the top floor. In design, 
however, the inter-storey shear force is also a very important parameter. For the linear 
analyses, the ratio of the maximum inter-storey shear forces for the case of soil-
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structure interaction to the case of fixed-base is shown in Fig.7.8. Soil-structure 
interaction greatly reduces the inter-storey shear force. A similar ratio as in Fig.7.8 for 
the maximum inter-storey shear force in the nonlinear analyses is shown in Fig.7.9. 
From site I to siteS, the maximum ratio of the inter-storey shear forces is close to 1.0, 
but average ratio is still less than 1.0. This illustrates the effect of soil-structure 
interaction on the inter-storey shear force for the nonlinear analysis. 
The rocking of the foundation is investigated because it is an important parameter in 
considering soil-structure interaction. The rocking time histories from sitel to siteS 
for the linear analyses are shown in Fig.7.10. In order to display the effect of the 
natural vibration periods of the site and the structure on the rocking, the relationship 
between rocking and the ratio of the natural vibration periods is shown in Fig.7.11. It 
shows that when the natural vibration period of the site is close to the natural 
vibration period of the structure, the rocking attains its maximum value. When the 
ratio is much less than 1.0, the rocking will be very small. This result shows that the 
natural vibration periods of the site and the structure will control the effect of soil-
structure interaction on the structural response. 
Similar results from the nonlinear analyses are shown in Fig.7.12, which displays the 
same characteristics as in Fig.7.10. In order to display the effect of the natural 
vibration periods of the site and structure to the rocking for the nonlinear analyses, the 
relationship between the rocking and the ratio of the natural vibration periods is 
shown in Fig.7.13. By comparing Fig.7.11 and Fig.7.13, it can be seen that the 
yielding of the structure reduces the maximum rocking. The reason is that the yielding 
of the structure increases the equivalent structural damping so that the maximum 
amplitude of the rocking reduces. 
7 .2.2 The 12-Storey Frame 
Following the same procedure as used in section 7.2.1, the first step was to investigate 
the effect of the structure on the ground acceleration response at point 0. Then the 
effect of soil-structure interaction to structural response was carried out. The natural 
vibration period of the 12-storey frame is different from that of the 6-storey frame, so 
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a comparison between two structural responses is also carried out to illustrate the 
effect of the differences in the structural response. 
7.2.2.1 The Effect of the Structure on the Ground Acceleration Response 
The acceleration spectra for the free field and soil-structure interaction cases at point 
0 using the linear analyses are shown in Fig.7.14. There are two peaks in these 
acceleration spectra and the spectral peak accelerations for the free field and soil-
structure interaction cases show considerable difference at the period of 0.3 seconds. 
The spectral peak accelerations at longer periods are, however, closer than at the 
period of 0.3 seconds. By comparing Fig.7.4 (6-storey frame) and Fig.7.14 (12-storey 
frame), the two ground acceleration responses show a great difference. The 
comparison illustrates that the ground acceleration response at point 0 is affected by 
the structure. 
The acceleration spectra of the ground acceleration responses at point 0 from the 
linear and nonlinear analyses are shown in Fig.7.1S. As in Fig.7.5, there is only a 
slight difference in the spectra from the both analyses. 
7.2.2.2 Evaluation of the Structural Response 
For the 12-storey frame, the displacement time histories at the top floor for the fixed-
base and soil-structure interaction cases from the linear analyses are shown in 
Fig.7.16. The maximum displacements for the two cases are nearly the same and their 
frequency contents are similar except for the result for siteS. For siteS with the longer 
natural vibration period, the difference between the fixed-base and soil-structure 
interaction cases is very marked. The reason is most likely that as the natural vibration 
period of the site is close to the natural vibration period of the structure, the effect of 
soil-structure interaction on the displacement time history will be marked. 
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The displacement time histories at the top floor for the fixed-base and soil-structure 
interaction cases from the nonlinear analyses are shown in Fig.7.17. The maximum 
displacements at the top floor are nearly the same for the two cases. The vibration 
frequency of the displacement shows a very slight difference. 
For the 12-storey frame, the maximum displacements at the top floor from the linear 
and nonlinear analyses for the fixed-base and soil-structure interaction cases are 
nearly the same. The reason is that the natural free-vibration period of the structure is 
much longer than both the natural free-vibration period of the soil and the 
predominant period of the input motion from the basement rock. This indicator shows 
that the effect of the soil-structure interaction on the structural response is not very 
important. 
The ratio of inter-storey shear forces from site1 to siteS for the linear analyses in 
Fig.7.18 shows different characteristics from the results of the 6-storey frame. At the 
lower floors, the ratio is greater than 1.0 and at higher floors the ratio is less than 1.0. 
The ratio of inter-storey shear forces from site1 to siteS for the nonlinear analyses 
shown in Fig.7.19 is generally less than 1.0. These results illustrate that the material 
nonlinearity of the structure reduces the structural response. The effect of high modes 
on the inter-storey shear forces is clear in Figs. 7.18 and 7.19. 
The rocking time histories from the linear and nonlinear analyses are shown in Figs. 
7.20 and 7.21. The maximum rocking at site3, site4 and siteS are nearly the same for 
the two analysis methods, but the rocking time histories are different. 
By comparing the results from the 6-storey frame and 12-storey frame shown in Figs. 
7.6 and 7.7 and Figs. 7.16 and 7.17, the soil-structure interaction for the 6-storey 
frame is seen to be more significant than for the 12-storey frame when subjected to 
the Lorna Prieta earthquake. The result illustrates that the relationship between the 
predominant period of the input motion from the basement rock and the natural 
vibration periods of the site and structure will decide the effect of the soil-structure 
interaction on the structural response. 
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7.3 The Mexico City Earthquake 
The Mexico City earthquake of 19th September 1985 has had a great impact on the 
understanding of local site effects. Its main characteristics were small peak ground 
acceleration amplitude, narrow frequency range and long predominant period. Its 
influence on structures is investigated by considering the fixed-base and soil-structure 
interaction cases. The 6-storey and 12-storey frames are again used as the prototype 
structures in this investigation. 
7.3.1 The 6-Storey Frame 
The 6-storey frame employed is the same as in section 7 .2.1. The steps of 
investigation are the same as was outlined in section 7 .2.1. 
7.3.1.1 The Effect of the Structure on the Ground Acceleration Response 
In section 7.2.1.1, when the Lorna Prieta earthquake of 19th October 1989 was used as 
an input motion from the basement rock to investigate the response of the 6-storey 
frame, the ground acceleration response at point 0 for the soil-structure interaction 
case is less than that for the free field case. When the Mexico City earthquake is used 
as an input motion from the basement rock, the acceleration spectra at point 0 for the 
free field and soil-structure interaction cases are shown in Fig.7.22. From the figure, it 
can be seen that at the natural vibration periods of the sites, the spectral accelerations 
at point 0 for the free field case are greater than or equal to those for the soil-structure 
interaction case. However, at the predominant period of the input motion, the spectral 
acceleration at point 0 for the free field case is less than that for the soil-structure 
interaction case. By comparing Fig.7.22 and Fig.7.4, these results can be easily 
explained as follows. 
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The natural vibration periods of the sites and soil-structure systems are listed in 
Tables 7.1 and 7.2. The predominant period of the input motion is about 2.0s. These 
data show that the natural vibration periods of the soil-structure systems are close to 
the predominant period of the input motion, so at the predominant period of the input 
motion the spectral acceleration at point 0 for the free field case is less than that for 
the soil-structure interaction case. This result illustrates that the ground acceleration 
response at point 0 for the soil-structure interaction case is influenced by many 
factors, but the predominant period of an input motion, the natural vibration periods 
of a site and soil-structure system are the main factors. 
When the structural model is nonlinear, the acceleration spectra at point 0 for the 
soil-structure interaction case from the linear and nonlinear analyses are shown in 
Fig.7.23. From the figure, it is seen that the spectral accelerations at point 0 from the 
linear analyses are greater than those from the nonlinear analyses. The reason is that 
due to the yielding of the structure, the natural vibration period of the soil-structure 
system is lengthened and moved away from the predominant period of the input 
motion. 
7.3.1.2 Evaluation of the Structural Response 
The same method is used as in section 7.2.1.2 to investigate the structural response for 
the fixed-base and soil-structure interaction cases. For the Mexico City earthquake, 
the displacement time histories at the top floor from sitel to siteS for the fixed-base 
and soil-structure interaction cases from the linear analyses are shown in Fig.7.24. For 
sitel to site3, the maximum displacements for the fixed-base case are greater than 
those for the soil-structure interaction case. For site4 and siteS, however, the 
maximum displacements for the fixed-base case are less than those for the soil-
structure interaction case. These characteristics are shown in Fig.7.24f. From this 
figure, it is seen that when Tsystenlfinput is greater than 0.92 for the soil-structure 
interaction case, the maximum displacement at the top floor increases significantly. 
For the fixed-base case, however, as Tson!Tinput increases, the maximum displacement 
only increases proportionally. 
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The displacement time histories at the top floor for the fixed-base and soil-structure 
interaction cases from the nonlinear analyses are shown in Fig.7.2S. Although the 
maximum displacements for both cases are nearly the same, by comparing 
displacement time histories between both cases from sitel to siteS, some differences 
can be seen. The first is that in the fixed-base case the structure clearly shows 
yielding, however in the soil-structure interaction case the structure does not clearly 
show yielding. The other difference is that although the maximum displacements are 
similar for both cases, their vibration time histories are different. In this case, the 
effect of the soil-structure interaction on the structural response shows different 
aspects of the structural response (normally the maximum displacement is used). 
By comparing the displacement time histories in Figs. 7.2S and 7.7 under the Mexico 
City and the Lorna Prieta earthquakes, the same characteristics can be found: the 
vibration amplitude of the displacement in the soil-structure interaction case is greater 
than that in the fixed-base case; also, the maximum displacements at the top floor 
from the nonlinear analyses are always equal to or less than those from the linear 
analysis. 
In order to display the effect of soil-structure interaction on the inter-storey shear 
forces from the linear analyses, the ratio of inter-storey shear forces is used and 
shown in Fig.7.26. The inter-storey shear forces generated in the soil-structure 
interaction case are greater than those generated in the fixed-base case. 
The ratio of inter-storey shear forces from the nonlinear analyses is shown in Fig.7.27 
and indicates that the ratio is close to 1.0. These results are similar to those from the 
I 
displacement analyses for the top floor, in which the maximum displacements for 
both cases are almost the same. 
An important consideration in the study of soil-structure interaction is the rocking of 
the foundations. Rocking from the linear analyses is shown in Fig.7.28. From this 
figure, it is easy to see that for sitel, site2 and site3, the rocking of the foundations is 
very small. However, for site4 and siteS the rocking of the foundations is much larger. 
In order to display the change of the maximum rocking of the foundations, the 
relationship between the maximum rocking and the ratio of the natural vibration 
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periods to the predominant period is plotted in Fig.7.29. From the figure, it is seen 
that when the natural vibration period of the system, Tsystem, is close to the 
predominant period of the input motion, Tinput> the maximum rocking of the 
foundation increases. This result is similar to that shown in Fig.7 .24f. 
The rocking of the foundations from the nonlinear analyses is shown in Fig.7.30. 
When comparing Fig.7.30 with Fig.7.28, the vibration amplitudes of the rocking of 
the foundations in Fig.7.30 are considerably less than those in Fig.7.28. Fig.7.31 
shows the change of the maximum rocking from the nonlinear analyses. It can be seen 
that no resonance occurs. 
7 .3.2 The 12-Storey Frame 
The 12-storey frame is the same as was used in section 7.2.1.2. As in section 7.3.1, 
the effect of the structure on the ground acceleration response and the evaluation of 
the structural response will be investigated. 
7.3.2.1 The Effect of the Structure on the Ground Acceleration Response 
The acceleration spectra at point 0 for the free field and soil-structure interaction 
cases from the linear analyses are shown in Fig.7.32. For site1 and site2, the spectral 
accelerations for the free field case are slightly greater than those for the soil-structure 
interaction case. However, for site4 and site5, the spectral accelerations for the free 
field case are slightly less than those for the soil-structure interaction case. 
The acceleration spectra from the linear and nonlinear analyses are shown in Fig.7.33. 
These indicate that there is little difference between the cases. This result illustrates 
that the structural material properties do not affect the ground acceleration response at 
point 0. 
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7.3.2.2 Evaluation of the Structural Response 
As in the earlier sections, the structural response is still described by the displacement 
at the top floor, the ratio of inter-storey shear forces and the rocking of the 
foundations. The displacement time histories at the top floor for the fixed-base and 
soil-structure interaction cases from the linear analyses are shown in Fig.7.34. From 
this figure, the maximum displacements at the top floor for sitel to siteS from the 
fixed-base case are greater than those from the soil-structure interaction case. For the 
fixed-base case, the maximum displacement increases quickly from sitel to siteS. For 
the soil-structure interaction case, the difference of the maximum displacements from 
sitel to siteS is small. In order to explain the analytical results for the fixed-base case, 
it can be seen from Fig.7.32 that the spectral peak acceleration at the period of 2.0 
seconds increases from sitel to siteS and these acceleration time histories have been 
used as the input motions of the fixed-base case. In this situation the structural 
resonance results in large displacements at the top floor. For the soil-structure 
interaction case, however, the natural vibration periods of the soil-structure systems 
for sitel to siteS listed in Table 7.3 are much greater than the predominant period of 
the input motion at the basement rock. Therefore, the displacement at the top floor for 
the soil-structure interaction case is much less than that for the fixed-base case. 
Table 7.3 Natural vibration Periods of the Soil-Structure System 
No. Sitel Site2 Site3 Site4 SiteS 
System Period 3.28 3.759 4.306 4.727 S.466 
The displacement time histories at the top floor for sitel to siteS from the nonlinear 
analyses are shown in Fig.7.35. When comparing Fig.7.35 with Fig.7.34, the 
difference between the maximum displacements at the top floor for the fixed-base and 
soil-structure interaction cases from the nonlinear analysis is less. 
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The above difference for the fixed-base case from sitel to siteS can be explained as 
follows: once the yielding of the structure occurs, its natural vibration period is 
lengthened. For different input motions due to the amplification of the sites, however, 
the period will increase by differing amounts. This results in the slight difference in 
the maximum displacements at the top floor from sitel to siteS for the fixed-base 
case. 
The inter-storey shear force is an important index for assessing structural damage. 
Because the fixed-base case from the linear analysis is a special case (in that the 
predominant period of the input motion is close to the natural vibration period of the 
structure), its inter-storey shear force will not be discussed in this section. The ratio of 
the inter-storey shear forces from the nonlinear analyses is shown in Fig.7.36. The 
inter-storey shear forces for the fixed-base and soil-structure interaction cases are very 
close for sitel to site3. For site4 and siteS, however, at the top of the structure the 
inter-storey shear force for the soil-structure interaction case is greater and at the 
lower part of the structure it is less. This result is different from that under the Lorna 
Prieta earthquake that has a short predominant period. When compared with the 
results of the 6-storey frame from the nonlinear analyses in Fig. 7.27, this result shows 
the effect of higher modes of the structure on the structural response. 
The rocking of foundations from the linear analyses is shown in Fig.7.37. As the 
natural vibration period of the site is close to the predominant period of the input 
motion, the maximum rocking increases. The rocking from the nonlinear analyses is 
shown in Fig.7.38. When comparing the results shown in Fig.7.38 and in Fig.7.37, it 
can be noticed that the maximum rocking from the nonlinear analyses is smaller than 
that from the linear analyses. The result illustrates that the material nonlinearity of the 
structure has an influence on the response of the foundation. The reason can be 
explained as following: the hysteric damping in the structure dissipates more 
earthquake energy than only viscous damping in the linear elastic structure so that the 
response of the foundation is affected. By comparison with the results from the Lorna 
prieta earthquake in Figs. 7.20 and 7.21, it can be seen that the input motions from the 
basement rock have a great influence on the response of the foundation in the case of 
the Mexico City earthquake. 
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7.4 Summary 
The effect of soil-structure interaction on the structural response is very important in 
structural design. Its effect, however, can be different depending on the site, structure 
and input motion. In order to display the effect of these factors on soil-structure 
interaction, five different sites, two earthquake records and two multi-storey frames 
were selected. Their natural periods of free-vibration are shown in Figs. 7.39a and b: 
12-storey 
frame 
6-storey 
frame 
the predominant period of the input motion 
siteS 
(a) comparison of periods between the predominant period of the Lorna Prieta 
earthquake, the natural vibration period of free vibration of the 6-storey frame, 
the natural vibration period of the sites 
6-storey 
the natural vibration period of the structt~( frame 
the predominant period of the input motion 
12-storey 
frame 
(b) comparison of periods of the Mexico City earthquake, the 6-storey frame, the 
12-storey frame and the five different sites 
Fig. 7.39 Relative position of periods for the predominant period of the input 
motion, the natural vibration period of the structure and the five different 
sites 
T 
T 
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From the above analyses, it is obvious that the effect of soil-structure interaction on 
the structural response is mainly controlled by the predominant period of an input 
motion from the basement rock and the natural vibration periods of both site and 
structure. The yielding of the structure also affects the structural response. Some 
effects of these factors to soil-structure interaction can be noted: 
The first is the ground acceleration response at point 0. Normally the spectral 
acceleration of the ground acceleration response at point 0 for a soil-structure 
interaction case is less than that for a free field, but when the natural vibration periods 
of the site or the predominant period of an input motion from the basement rock is 
equal to the natural vibration period of the structure, the spectral acceleration of the 
ground acceleration response at point 0 for the soil-structure interaction will be 
greater than that for the free field. This result illustrates that the structure has an effect 
on the ground acceleration response at point 0. When the natural vibration period of 
the site differs significantly from the predominant period of the input motion, the 
spectral peak acceleration of the free field or ground acceleration response at point 0 
will gradually reduce. 
All cases investigated show that structural material non-linearity has little influence 
on the ground acceleration response at point 0, except for the case of structural 
resonance. 
The effect of soil-structure interaction on structural response is influenced by many 
parameters. Some results are listed in the following to show their influence. For the 
Jury 6-storey frame from the linear analysis, the maximum displacement at the top 
floor for the soil-structure interaction case is less than that for the fixed-base case 
under the Lorna Prieta earthquake. However, under the Mexico City earthquake, the 
maximum displacement at the top floor for the soil-structure interaction case is greater 
than that for the fixed-base case. Similar results for the inter-storey shear force from 
the nonlinear analysis were observed. However, for the Lorna Prieta earthquake and 
the Mexico City earthquake, the Jury 12-storey frame shows different responses as 
shown in Figs. 7.17 and 7.35 for the linear analysis. For the Lorna Prieta earthquake, 
the maximum displacements at the top floor for the soil-structure interaction case and 
the fixed-base case are nearly the same. However, for the Mexico City earthquake, 
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results from the linear analysis for the fixed-base case are much greater than that for 
the soil-structure interaction case. The above results show that soil-structure 
interaction has a significant influence on structural response and is mainly controlled 
by the predominant period of the input motion and the natural vibration period of the 
site and structure. Therefore the effect of soil-structure interaction on the structural 
response is different for different sites, different structures and different earthquakes. 
The effect of soil-structure interaction on the structural response is not only shown in 
the displacements on the top floor, but also shown in the inter-storey shear forces. 
Therefore, the inter-storey shear force is an important parameter to show the effect of 
soil-structure interaction. 
Rocking of a foundation is an important factor in the effect of soil-structure 
interaction on the structural response. In this investigation, the rocking time history 
shows similar characteristics to the displacement time history at the top floor. This is 
to be expected because of the rigid body rocking mode of the structure and this is a 
direct correlation with the top floor displacement. 
The yielding of the structure can change the structural response and reduce the effect 
of the structural resonance. 
Chapter Eight 
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Investigation of Seismic Soil-Structure Interaction Using a 
Bounding Surface Soil Model 
8.1 Introduction 
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In Chapter 7, the effect of soil-structure interaction on the structural response was 
investigated in detail by using a linear elastic soil model and some observations were 
made concerning those results. However, nonlinear soil behaviour has been observed 
in many earthquakes, for example: the Northridge earthquake of 1994 and the Kobe 
earthquake of 1995 and the results from laboratory tests as shown in Chapter 3 have 
confirmed that when the strain exceeds 10-4, soil will show a nonlinear behaviour. 
In order to show the effect of nonlinear soil properties on the structural response, the · 
bounding surface model introduced in Chapter 3 is used to represent the soil 
behaviour in the near field. A linear elastic model is used to represent the behaviour of 
the structure. The 6-storey and 12-storey frames introduced in Chapter 7 are used 
again to investigate these structural responses. Their natural vibration periods are 
1.14s and 2.24s. Element meshes of both the soil and structure are shown in 
Appendices 2 and 3. The Lorna Prieta and the Mexico City earthquakes introduced in 
Chapters 6 and 7 are used as input motions from the basement rock. Their 
acceleration time histories and acceleration spectra have been shown in Figs. 6.1 and 
7.2 respectively. 
As discussed in Chapter 6, a strong bedrock shaking will tend to generate strong 
nonlinear soil behaviour. A weak bedrock shaking can be, however, approximated by 
a linear elastic analysis. In this investigation, a selected motion that is in between the 
above two states will be used, that is the acceleration time histories of the Lorna Prieta 
and the Mexico City earthquakes scaled by a factor of 4. The results show the 
predominant periods are unchanged for these input motions. 
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Parameters used in the bounding surface model for this site are listed in Table 8.1. In 
order to determine the pre-consolidation pressure, the water table is assumed to lie at 
ground surface, the static earth pressure coefficient is 0.5 and a normal consolidated 
soil is considered. From the above assumptions, the pre-consolidation pressure and 
effective normal stresses at different Gauss integration points can be determined. 
Table 8.1 
'A K Nc Ne Rc A, T c He He v Void ratio 
0.29 0.04 0.26 0.21 2.0 0.4 0.01 0.3 6.0 6.0 0.3 1.04 
In the aforementioned models, the finite element method is employed to simulate the 
near field soil and the structure. The boundary element is used as a transmitting 
boundary to simulate the far field soil. An assumption for the linear and homogeneous 
far field domain is therefore introduced into the calculation. In this study, only a 
vertically propagating SH wave and a surface foundation are considered. 
The purpose in this study is to investigate the effect of the nonlinear soil behaviour on 
the structural response, so a comparison between the linear and nonlinear soil-
structure interaction analyses is carried out. The effects of the structure on the ground 
response for both the linear and nonlinear analyses are illustrated by acceleration 
spectra at the foundation level. The effects of both the linear and nonlinear soil 
models on the structural response are represented by the acceleration and 
displacement time histories at the top floor and the permanent settlement of the 
foundation. 
8.2 The Scaled Lorna Prieta Earthquake 
The effect of the soil-structure interaction for the 6-storey and 12-storey frames is 
investigated when they are subjected to the scaled Lorna Prieta earthquake. The first 
investigation is the effect of the structure on the ground response when the linear and 
nonlinear soil models are considered. The other investigations involve the effects of 
the linear and nonlinear soil models on the structural response. From Chapter 7, it was 
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found that the predominant period of the input motion from the basement rock and the 
natural vibration periods of the site and structure have an important influence on the 
response of structures. In this Chapter, the effect of these periods will be investigated 
again. 
8.2.1 The Effect of the Structure on the Ground Response 
Fig.8.1 shows the acceleration spectra at the foundation level for the 6-storey and 12-
storey frames from the linear and nonlinear analyses. 
By comparing these results from the linear and nonlinear analyses in Fig.8.1a, it is 
observed that the nonlinear analysis has an amplified spectral acceleration at the 
natural vibration period of the structure. When the natural period in Fig.8.1a exceeds 
about 0.75s, the spectral acceleration from the nonlinear analysis is larger than that 
from the linear analysis. This result shows that the nonlinear analysis reduces the 
acceleration vibration frequency of the soil-structure system when compared to the 
results from the linear analysis. From Fig.8.1a, it was also found that the spectral peak 
accelerations for the linear analysis is at about the predominant period of the input 
motion from the basement rock and the natural vibration period of the site. The 
spectral peak accelerations for the nonlinear analysis is, however, at the natural 
vibration period of the structure and the periods of the high modes of free vibration of 
the site. 
By comparing the linear and nonlinear analyses in Fig.8.1b, when the period in the 
acceleration spectrum is over about 0.9s, the spectral acceleration from the nonlinear 
analysis is greater than that from the linear analysis, however when compared to 
Fig.8.la, the difference is not large. The reason is that the natural vibration period of 
the 12-storey frame is 2.24s which is much longer than the predominant period of the 
input motion from the basement rock and the natural vibration period of the site for 
the nonlinear analysis. 
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In order to illustrate the responses at the foundation level for the 6-storey and 12-
storey frames from the linear and nonlinear analyses, the acceleration and 
displacement time histories are shown in Figs. 8.2 and 8.3. From these figures, it can 
be seen that the maximum displacements from the nonlinear analyses are greater than 
those from the linear analyses and the maximum accelerations from the nonlinear 
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analyses are less than those from the linear analyses. Figs. 8.2 and 8.3 also show that 
the acceleration vibration frequency from the nonlinear analyses is lower than that 
from the linear analyses. By comparing the results from Figs. 8.2 and 8.3 for the 
linear and nonlinear analyses, it is seen that the difference between the responses for 
the nonlinear and linear analyses is mainly due to the yielding of the soil. 
8.2.2 The Effect of the Bounding Surface Soil Model on the Structural 
Response 
The effect of the nonlinear soil model on the structural response is investigated in this 
section for two aspects. One aspect is the horizontal displacement and acceleration at 
the top floor. The other aspect is the permanent settlement of the foundation. 
The horizontal displacement and acceleration time histories at the top of floor are 
shown in Figs. 8.4 and 8.5. For the 6-storey frame in Fig.8.4, the horizontal 
displacement time histories show a difference for vibration frequency and amplitude 
between the linear and nonlinear analyses. The maximum displacement and 
acceleration from the nonlinear analyses are less than those from the linear analyses 
and the vibration frequency for the nonlinear analyses is lower than that for the linear 
analyses. For the 12-storey frame in Fig.8.5, the horizontal displacement and 
acceleration time histories from the nonlinear analyses show that the vibration 
frequency is lower than the linear analyses, and the maximum displacement and 
acceleration are less than those from the linear analyses. 
For the 6-storey frame in Fig.8.1, however, when the period is greater than 0.75s, the 
spectral acceleration for the nonlinear analyses is amplified at the foundation level, 
but its effect on the structural response is not clear from Fig.8.4. This result is 
different from Fig.6.8 in Chapter 6, where the free field response for the nonlinear 
analysis was used as the input motion for the fixed-base 6-storey frame. There, the 
effect of soil-structure interaction on the structural response depends on both the 
predominant period of the input motion on the ground surface and the natural 
vibration period of the structure. When the soil model is nonlinear and the effect of 
the soil-structure interaction on the structural response is considered, the above two 
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Figure 8.5 The Acceleration and Displacement Time Histories at the top floor for the 
12-Storey Frame under scaled Lorna Prieta Earthquake 
BM: Bounding Surface Soil Model LM: Linear Elastic Soil Model 
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periods will be not sufficient to explain the difference between the linear and 
nonlinear analyses. 
When a linear soil model is used to analyse the effect of soil-structure interaction, the 
permanent settlement of the foundation does not occur. This contradicts the 
observations from many earthquakes where such a settlement has been evident. 
Although unloading results in swelling, some permanent deformation will still remain. 
When soil-structure interaction is considered in the analysis of the structural response, 
the permanent deformation of the soil will generate a permanent settlement of the 
foundation. This settlement is very important to realising the effect of an earthquake 
on structural response. 
' 
The permanent settlement time history of the foundation is shown in Fig.8.6 for the 6-
storey frame in the nonlinear analysis. From Fig.8.6, the rate of settlement is very 
small during the first 5 seconds, between 5 seconds to 15 seconds which is the period 
of strong shaking the rate of settlement increases rapidly, but after 15 seconds the 
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Figure 8.6 The Permanent Settlement Time History of the Foundation 
for the 6-Storey Frame 
rate of settlement decreases markedly. It also shows that the vertical vibration 
amplitude of the foundation is very small. 
For the 12-storey frame, the response is different from that of the 6-storey frame for 
the linear elastic soil model shown in Chapter 7. When the nonlinear soil model is 
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used, the permanent settlement time history of the foundation for the 12-storey frame 
is as plotted in Fig.8.7. 
By comparison with Fig.8.6, both permanent settlement time histories show similar 
trends, but the maximum permanent settlement of the foundation for the 12-storey 
frame is larger than that for the 6-storey frame. On the other hand, the vibration 
frequency in the vertical direction for the 12-storey frame is lower than that for the 6-
storey frame. 
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Figure 8.7 The Permanent Settlement Time History of the Foundation 
for the 12-Storey Frame under the Lorna Prieta Earthquake 
8.3 The Scaled Mexico City Earthquake 
The effect of the Mexico City earthquake on the structural response has been 
investigated in Chapter 7 using a linear soil modeL In this section, the scaled Mexico 
City earthquake is used as an input motion from the basement rock. The bounding 
surface model is used to represent the soil behaviour and to investigate the effect of 
the structure on the ground response and the effect of soil models on the structural 
response. 
8.3.1 The Effect of the Structure on the Ground Response 
In Chapter 7, the linear elastic soil model was used to represent the soil behaviour in 
order to carry out the soil-structure interaction analysis under the Mexico City 
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earthquake. That investigation showed that the effect of the structure on the ground 
response differs from that using the Lorna Prieta earthquake. Fig.8.8 shows the 
acceleration spectra of the 6-storey and 12-storey frames at the foundation level using 
the linear and nonlinear analyses. 
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Figure 8.8 Comparison of Acceleration Spectra between the Linear and Nonlinear 
Analyses at the Basement for the 6-Storey and 12-Storey Frames 
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The 6-storey frame in Fig.8.8a shows a great difference between the acceleration 
spectra for the linear and nonlinear analyses. For the linear analyses, the spectral peak 
acceleration occurs at about 0.5s. However, for the nonlinear analysis, the spectral 
peak acceleration is at about 2.1s. This difference shows that the yielding of the soil in 
the nonlinear analysis lengthens the natural vibration period of the site, thus the 
spectral acceleration at the predominant period of the input motion from the basement 
rock is amplified. For the 12-storey frame in Fig.8.8b, the acceleration spectra show 
characteristics different from those for the 6-storey frame. The spectral acceleration 
for the nonlinear analyses is amplified at periods greater than 1.7s when compared 
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with the linear analysis. The reason for this difference is that the predominant period 
of the input motion is close to the natural vibration period of the structure and the 
yielding of soil lengthens the natural vibration period of the site. By comparing Figs. 
8.8 and Fig.8.1, it can be seen that for the nonlinear analyses the predominant period 
of the input motion also has a great effect on the ground response. 
In order to display characteristics of the acceleration and displacement at the 
foundation level, their time histories are shown in Figs. 8.9 and 8.10. For the 6-storey 
frame in Fig.8.9, the vibration frequency for the nonlinear analysis is much lower than 
that for the linear analysis, and the maximum acceleration for the nonlinear analysis is 
less than in the linear analysis. However, the maximum displacement for the nonlinear 
analysis is greater than that from the linear analysis. For the 12-storey frame in 
Fig.8.10, these response characteristics are the same as those for the 6-storey frame, 
but the maximum displacements for the linear and nonlinear analyses are closer. This 
illustrates that the natural vibration period of the structure in the nonlinear analysis 
has a great influence on the ground response. 
By comparing Figs. 8.9 and 8.10 with Figs. 8.2 and 8.3 for the linear analysis, the 
vibration frequency of the acceleration at the foundation level for the 12-storey frame 
is higher than that for the 6-storey frame. However, in the nonlinear analysis, the 
vibration frequency at the foundation level for the 12-storey frame does not appear to 
be higher than that for the 6-storey frame. The reason is that the yielding of the soil 
reduces the stiffness of the soil-structure system. Therefore, when a nonlinear soil 
model is used to analyse the effect of soil-structure interaction on the structural 
response, the nonlinear soil behaviour changes the structural response. 
8.3.2 The Effect of the Bounding Surface Soil Model on the Structural 
Response 
The acceleration and displacement time histories at the top floor for the 6-storey and 
12-storey frames under the scaled Mexico City earthquake are shown in Figs. 8.11 
and 8.12. For the 6-storey frame in Fig.8.11, the vibration frequency of the frame for 
the nonlinear analyses is lower than that for the linear analysis, but the maximum 
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Figure 8.12 The Acceleration and Displacement Time Histories at the Top Floor for 
the 12-Storey Frame under Scaled Mexico City Earthquake 
BM: Bounding Surface Soil Model LM: Linear Elastic Soil Model 
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displacement at the top of floor for the nonlinear analysis is greater than that for the 
linear analysis. For the 12-storey frame in Fig.8;12, the vibration frequency of the 
frame from the nonlinear analysis is lower than that from the linear analysis, however 
the maximum displacement at the top of floor from the nonlinear analysis is less than 
that from the linear analysis. These results show that the effect of the soil-structure 
interaction on the structural response for the nonlinear soil model is different from 
those for the linear elastic soil model. 
In comparing Fig.8.11 with Fig.8.4 for the nonlinear analysis, the acceleration 
vibration frequency of the 6-storey frame under the scaled Lorna Prieta earthquake is 
higher than that under the scaled Mexico City earthquake. However the maximum 
displacement at the top of floor under the scaled Lorna Prieta earthquake is much less 
than that under the scaled Mexico City earthquake. From the scaled Lorna Prieta 
earthquake, the maximum displacement at the top floor for the nonlinear analysis is 
less than the linear analysis, however from the scaled Mexico City earthquake, the 
maximum displacement at the top floor for the nonlinear analysis is greater than the 
linear analysis. The reason is that the vibration period of the soil-structure system due 
to the soil yielding is close to the predominant period of the input motion from the 
basement rock. 
In comparing Fig.8.12 and Fig.8.5, both results show similar characteristics. The 
maximum accelerations and displacements at the top floor of the structure for the 
nonlinear analysis are smaller than those for the linear analysis. 
The above analyses concern mainly the acceleration and displacement time histories. 
The following sections will investigate the permanent settlement of the foundation. 
The permanent settlement time history of the foundation for the 6-storey frame is 
shown in Fig.8.13. The permanent settlement of the foundation gradually increases as 
the vibration duration increases. By comparing Fig.8.13 and Fig.8.6, both permanent 
settlement time histories have similar characteristics, but under the scaled Mexico 
City earthquake the permanent settlement of the foundation for the 6-storey frame is 
larger than for the scaled Lorna Prieta earthquake. Fig.8.14 shows the permanent 
settlement time history of the foundation for the 12-storey frame. By comparing 
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Fig.8.14 and Fig.8.13, the permanent settlement of the foundation for the 12-storey 
frame is larger than the 6-storey frame, but the vibration frequency for the 6-storey is 
greater than that for the 12-storey frame. 
8.4 Summary 
In this Chapter, a nonlinear soil model is used to represent soil behaviour and a linear 
model is used to represent structural behaviour. Due to the yielding of the soil in the 
nonlinear analysis, the natural vibration period of the site is lengthened so that the 
effects of the soil-structure interaction on the structural response for the linear elastic 
and nonlinear soil models are different. Normally the soil yielding can reduce the 
structural response. 
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In comparing acceleration spectra at the foundation level of the linear and nonlinear 
analyses, the spectral peaks are at different periods for both analyses. This difference 
generates different structural responses. 
The permanent settlement of a foundation is an important factor in the structural 
safety evauation. From these analyses, it can be noted that the permanent settlement 
of the foundation has accumulative characteristics. As the duration of the vibration 
increases, the settlement increases. When a soil-structure system is subjected to 
different earthquakes, the maximum settlements are different. 
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Chapter Nine 
Conclusions and Recommendations for Further Research 
9.1 Conclusions 
The study of the effect of seismic soil-structure interaction on the structural response 
of framed structure by using linear elastic and bounding surface soil models has been 
carried out in this research. Some conclusions from this research are helpful for 
understanding the effects of the soil-structure interaction on the structural response 
and improving the seismic structural design. While the use of spring and dashpot 
model to represent soil behaviour is becoming the trend for modelling soil-structure 
interaction, the finite element analysis models and boundary element models in this 
research have shown a significant influence of soil yielding on the structural response, 
an effect that is difficult to represent in the simple spring and dashpot models. 
The bounding surface soil model based on plasticity theory and the characteristics of 
several numerical integration methods have been introduced in Chapter Three. The 
numerical implementation for the bounding surface model shows that the method 
used in this implementation can reduce the calculation error. The result predicted by 
the model for a test problem shows that this soil model can reflects the nonlinear 
loading and unloading properties of the soil. By comparing the characteristics of these 
numerical integration methods, the a method of time step integration was chosen and 
used in the program SSINAP2D. In order to speed up convergence and keep 
numerical error in a tolerable range, a predictor-corrector algorithm was used in the 
program. The results predicted by RUAUMOKO for the 6-storey frame are very 
similar to the results predicted by SSINAP2D. 
A direct boundary element method in the time domain has been introduced in Chapter 
four. The fundamental singular solutions for two-dimensional analysis, which are 
used directly in the numerical implementation, were given in details. The numerical 
treatment in the time domain for the two-dimensional analysis was obtained by the 
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constant and linear time variations and expressions for some complex functions were 
given in detail. A numerical example shows that this method provides a comparable 
result with other solutions in the published literatures. 
A method for coupling the boundary elements and the finite elements in the ·time 
domain based on a simplified implementation procedure has been proposed in 
Chapter Five and a detailed mathematical procedure has been given. In this method, 
existing boundary element and finite element packages only need to be revised 
slightly to incorporate the two models. A flowchart given in this Chapter can be used 
as the basis for a linear or a nonlinear analysis program. 
Nonlinear site amplification analyses using the bounding surface soil model were 
carried out in Chapter Six. The acceleration spectra obtained for the nonlinear site 
amplification analyses are different from those from the linear site amplification 
analyses. The nonlinear site amplification analyses amplify the spectral accelerations 
at the longer natural periods when compared with those from the linear site analyses. 
In the present design spectrum, the effect of the nonlinear site amplification on the 
structural response is not considered. While the peak ground acceleration (PGA) is 
affected by the maximum input acceleration from the basement rock, this analysis 
shows that peak ground acceleration is affected also by the input acceleration time 
history. 
The effect of soil-structure interaction on the structural response has been carried out 
in Chapter Seven. The effect of the soil-structure interaction on the structural response 
is affected not only by the properties of the soil and structure but also by the input 
motion from the basement rock. Therefore the effect of the soil-structure interaction is 
important not only for a stiff structure but also for a flexible structure. However the 
effect of the soil-structure interaction for the flexible structure shows different 
characteristics from the effects of the soil-structure interaction on the stiff structure 
due to the effect of higher modes of vibration. Generally, when the following two 
cases occur, the soil-structure interaction can reduce the structural response. One case 
is when the predominant period of the input motion from the basement rock is less 
than the fundamental natural vibration periods of both the site and the structure. The 
other case is when the predominant period of the input motion is greater than the 
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fundamental natural vibration period of the soil and less than that of the structure. 
However, when the predominant period of the input motion from the basement rock is 
greater than the natural vibration periods of both the site and the structure, neglecting 
soil-structure interaction in a seismic analysis could lead an unsafe design. 
The effect of the soil-structure interaction on the structural response when using the 
bounding surface soil model has been investigated in Chapter Eight. The yielding of 
the soil changes the natural vibration period of the soil-structure system so that the 
solution is more complex. This investigation shows that the nonlinear behaviour of 
the soil could reduce the structural response. The effect of the input motion from the 
basement rock on the soil-structure interaction also has an important influence on the 
structural response. 
In the following sections, some detailed conclusions from both the local site 
amplification and seismic soil-structure interactions when using the linear elastic and 
·bounding surface soil models are given. 
9.1.1 Conclusions for Local Site Amplification and its Effect on Structural 
Response (in Chapter Six) 
Three sets of soil parameters were used in this research to represent three different 
soft clay sites when the Lorna Prieta, the El-Centro and the Parkfield earthquakes 
were used as input motions at the basement rock. 
When subjected to a strong motion, the natural vibration period of the soft clay site 
represented by the bounding surface soil model is lengthened due to the yielding of 
the soil. Therefore for a soft clay site under a strong motion, the ground acceleration 
response will influence those structures with longer natural vibration periods. This is 
different to the results obtained from the linear elastic analysis where the natural 
vibration period of the site has an influence on the structural response. 
The peak ground accelerations or the peak ground spectral accelerations obtained 
from the bounding surface soil model are lower than those from the linear elastic 
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analyses due to the hysteric and viscous damping of the soil, which was obtained by 
using hysteric model. 
The site amplification or attenuation of the seismic wave motion shown from the 
nonlinear analysis depends on not only the maximum acceleration of the input motion 
from the basement rock, but also the input motion time history. When the maximum 
input acceleration reaches about 0.4g, the peak ground acceleration at the surface 
reaches about 0.4g according to the nonlinear analyses. This result is similar to site 
investigation results (!dress, 1990). However, in some cases, such as with the 
Parkfield earthquake, the result from the analysis using the bounding surface soil 
model shows the nonlinear amplification of the site. 
For the ground acceleration response, the results for both the linear elastic and 
bounding surface soil models show a difference at the ground surface, but when 
comparing the results at depth greater than about 20m, the difference of the results 
from both the linear elastic and bounding surface soil models is negligible. This 
depth, though not an exact boundary, is helpful as a reference point. 
When subjected to a strong input motion, the frequency content of the ground 
acceleration response from the linear elastic soil model is similar to the frequency 
content of the input motion from the basement rock, but the acceleration on the 
ground surface is amplified by the site. 
Under a weak input motion, the effect of yielding of the soil is not evident, so that 
both results for the maximum acceleration and the frequency on the ground surface 
from both the linear elastic and bounding surface soil models are similar. Therefore 
when subjected to a weak input motion, a linear elastic analysis for these soft clay 
sites gives a satisfaction approximation to the response on the ground surface. 
For the above cases, the fixed-base structural responses were investigated when the 
acceleration time histories at the ground surface from both the linear elastic and 
bounding surface soil model were used as the input motions for the 6-storey frame. 
These investigations show that the structural responses from the bounding surface soil 
model are different from those from the linear elastic analyses. This is because the 
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yielding of the soil amplifies the longer period part of the input motion in the 
acceleration spectrum. 
9.1.2 Conclusions for Soil-Structure Interaction When Using a Linear Elastic 
Soil Model (in Chapter Seven) 
The effects of soil-structure interaction on the structural response were investigated 
when using the linear elastic soil model for the 6- and 12-storey frames, the Lorna 
Prieta and the Mexico City earthquakes and five sets of soil parameters, each with a 
different natural vibration period. In order to consider the effects of the soil-structure 
interaction on the structural response, the input motion for the fixed-base frame 
analysis is obtained from the acceleration response at the foundation level for the soil-
structure interaction analysis. This method is different from that using the free field 
response as the input ground motion for the fixed-base frames. 
The soil-structure interaction reduces the inter-storey shear force in the frame 
noticeably when the structural response is controlled by the lower modes of the 
structures such as in the case of the 6-storey frame. When higher modes of free-
vibration of the structure influence the structural responses such as in the case of the 
12-storey frame, the effect of the soil-structure interaction on the inter-storey shear 
forces becomes complex. 
The soil-structure interaction can reduces the maximum displacement at the top floor 
such as occurred for the 6-storey frame. The reason is that the soil-structure 
interaction lengthens the natural vibration period of the frame and generates the 
effective damping in the soil-structure system. 
The soil-structure interaction significantly reduces the inelastic displacement at the 
top floor due to the rocking of the foundation such as was shown for the 12-storey 
frame. In this procedure, the cyclic vibration amplitude of the displacement at the top 
floor is different from that for the fixed case due to the displacement at the roof 
caused by the rigid body rocking at the foundation. 
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The soil-structure interaction is not only influenced by the soil, but also by the 
structural behaviour. From the research results, the nonlinear structural behaviour 
reduces the rocking of the foundation. This may be due to the hysteric damping in the 
structure dissipating more energy. 
The ground acceleration response at the foundation level when considering the soil-
structure interaction is different from that from a free field analysis. In most of the 
cases investigated, the maximum acceleration response from the free field analysis is 
greater than that from the soil-structure interaction analysis. However, in some 
specific cases such as when resonance occurs, the maximum acceleration response 
from the free field analysis is less than that from the soil-structure interaction analysis. 
Therefore when the response from the free field analysis is used as the input motion in 
fixed-base or spring-dashpot-frame analyses, suitable scaling of the input motion may 
be necessary. 
From this investigation, the input motion from the basement rock has a significant 
influence on the soil-structure interaction. Different input motions from the basement 
rock generate different effects on the soil-structure interaction such as that seen in the 
6- and 12-storey frames under the Lorna Prieta and the Mexico City earthquakes. The 
effect of the input motion from the basement rock on the soil-structure interaction can 
be determined approximately by the predominant period of the input motion from the 
basement rock and the natural vibration period of the soil-structure system. This is 
different from the traditional approach, in which the effect of only the soil and the 
structure are considered. From the viewpoint of the soil-structure and input motion 
system, the effect of the soil-structure interaction on the structural response is 
important. 
9.1.3 Conclusions for Soil-Structure Interaction When Using a Bounding 
Surface Soil Model (in Chapter 8) 
The 6- and 12-storey frames were investigated by using the bounding surface soil 
model when a site is subjected to scaled Lorna Prieta and scaled Mexico City 
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earthquakes and the results from these analyses are compared with the analysis using 
a linear elastic soil model. 
The soil-structure interaction using the bounding surface soil model reduce the 
structural response due to the hysteretic damping. These results are similar to those of 
Trifunac and Todorovska (1999). However, the nonlinear soil behaviour does not 
show the passive vibration isolation proposed by Trifunac and Todorovska (1998). In 
the soil-structure interaction analyses using the bounding surface soil model, the 
stiffness of the soil changes with the changes in stress levels so that the natural 
vibration frequencies of the soil-structure system also changes. Therefore it is very 
difficult to estimate the effect of the non-linearity on the natural vibration period of 
the soil-structure system. 
The acceleration response at the foundation level using the bounding surface soil 
model is different from that obtained using the linear elastic soil model in terms of the 
vibration frequency and amplitude. The analyses using the bounding surface soil 
model amplify the acceleration response in the longer natural periods of the 
acceleration spectra, but reduce the maximum vibration amplitude of the acceleration. 
It is clear that this acceleration spectrum is very different from the design spectrum 
used in design codes. When compared with present design spectrum in NZ4203, the 
acceleration spectrum obtained using the bounding surface model will affect those 
structures with longer natural vibration period. 
The permanent settlements of the foundations from the 6- and 12-storey frame 
analyses show that the displacement is accumulative. The settlement is mainly caused 
by the inelastic vertical deformation of the soil under the structural weight and the 
rocking of the foundation. This effect is similar to the "shake-down" effect in beam 
members in plastic structural mechanics. 
For a soft clay site and strong bedrock shaking, present spring and dashpot models or 
linear elastic soil models can not show the nonlinear behaviour of the soil so that the 
effect of the soil yielding on the structural response is not shown by these models. The 
bounding surface soil model used in the analyses, however, overcomes this 
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disadvantage and shows the same results with those from site investigations (Trifunac 
and Todorovska, 1999) 
The acceleration spectrum at the level of a foundation for a soft clay site using the 
bounding surface soil model shows that the accelerations at the longer natural periods 
are amplified and shows the effect of the presence of the structure on the ground 
surface response. If the free field response is used as the input motion for a spring and 
dashpot model, the effect of both the soil non-linearity and the presence of the 
structure on the ground surface response cannot be contained in the input motion. 
The direct boundary element method in the time domain representing the far field for 
a nonlinear analysis avoids the use of the Fast Fourier Transform which has to be used 
if the boundary element method in the frequency domain is used to represent the far 
field. When nonlinear soil-structure interaction analysis using the finite element 
method is carried out, the integration direct boundary element in the time domain can 
save a large amount of computation and also automatically meets the radiation 
condition. 
9.2 Recommendations for Further Research 
Further research needs to be carried out by theoretical and experimental means to 
explain some of the results and findings that have been introduced. 
1 Nonlinear local site amplification and the effect of soil-structure interaction on 
the structural response have been investigated. However, this investigation was 
carried out only for a clay soil and for a depth of deposit of 30m. Generally, 
deposit depths are often of the range of 0 to 40m. Therefore the effect of 
different deposit depths should be investigated further. For a real site, there is 
often a variation of soil properties with depth, therefore this effect also needs 
further investigation. 
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2 In this research, only simple 6- and 12-storey frames were investigated. Different 
frames have different natural vibration periods and soil-structure interaction will 
have different effects on the structural response. A wider range of investigations 
are necessary for different types of framed structures. 
3 Soil is a multi-pore medium. When the soil is saturated, the interaction between 
the multi-pore medium and water can be very important. If this medium-pore 
water interaction could be considered in a computer analysis, the reliability of 
results from the soil-structure interaction analyses will then be higher. 
4 The boundary element method in the time domain proposed in this research can 
be used to represent the far field and the method is also easily implemented into 
a nonlinear analysis, but it is suitable only for a homogenous far domain. 
However, layered soils are usually found in practice. Therefore, if this method is 
to be used in a layered soil, compatibility and equilibrium conditions at the 
interfaces between the different layers must be considered. This could be done 
by using a multi-domain boundary element solution. This development will 
require further investigation. 
5 In this research, the effect of soil-structure interaction on the structural response 
were investigated based on the linear elastic soil model and linear elastic 
structural model, linear elastic soil model and nonlinear structural model, and 
nonlinear soil model and linear elastic structural model. A nonlinear soil model 
and nonlinear structural model case must be investigated to obtain the full 
understanding of the significance of the soil-structure interaction. 
6 The analyses performed in this thesis covered only two-dimensional models of 
the soil and the structure. The analyses must be extended to three-dimensions to 
ensure that problems with the three-dimensional nature of real soil-structure 
interaction are understood. 
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Appendix Four 
Members with different properties in the 6 and 12-Storey frames are listed as following 
E: Elastic Modulus of member material G: Shear Modulus of member material 
A: Cross-section area of the member section AS: Effective shear area of the member section 
I: Moment of inertia of section RA: Bi-linear factor 
H: Plastic Hinge Length Myi : Positive or negative yield moment at end i 
The 6-Storey Frame 
Member E G A AS I RA H Myt+ Myt- Myz+ Myz-
Type 
*1 2.5e7 1.04e7 0.1688 0.1688 2.813E-3 0.025 0.35 435.0 519.0 423.0 197.0 
2 2.5e7 1.04e7 0.1688 0.1688 2.813E-3 
3 2.5e7 1.04e7 0.1519 0.1519 2.050E-3 
4 2.5e7 1.04e7 0.1519 0.1519 2.050E-3 
*5 2.5e7 1.04e7 0.2269 0.2269 6.100E-3 0.025 0.385 645.0 775.0 635.0 300.0 
6 2.5e7 1.04e7 0.2269 0.2269 6.100E-3 
7 2.5e7 1. 04e7 0.1875 0.1875 4.167E-3 
8 2.5e7 1. 04e7 0.1875 0.1875 4.167E-3 
9 2.5e7 1.04e7 0.1050 0.1050 3.1SOE-3 0.025 0.42 262.0 -262.0 232.0 -232.0 
10 2.5e7 1.04e7 0.0963 0.0963 2.426E-3 0.025 0.385 173.0 -184.0 155.0 -155.0 
11 2.5e7 l.04e7 0.0963 0.0963 2.426E-3 0.025 0.385 115.0 -131.0 119.0 -115.0 
12 2.5e7 1.04e7 0.0963 0.0963 2.426E-3 0.025 0.385 115.0 115.0 115.0 -115.0 
13 2.5e7 1. 04e7 0.1050 0.1050 3.150E-3 0.025 0.42 232.0 -232.0 262.0 -262.0 
14 2.5e7 1.04e7 0.0963 0.0963 2.426E-3 0.025 0.385 155.0 -155.0 184.0 -173.0 
15 2.5e7 1. 04e7 0.0963 0.0963 2.426E-3 0.025 0.385 115.0 -119.0 131.0 -115.0 
16 2.5e7 1.04e7 0.0963 0.0963 2.426E-3 0.025 0.385 115.0 -115.0 115.0 -115.0 
12 16 
4 8 4 
11 15 
4 8 4 
10 14 
3 7 
3 
9 13 
2 6 2 
9 13 
6 
9 13 
2 2 
1 5 1 
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The 12-Storey Frame 
Member E G A AS I RA H My I+ Myl- Myz+ Myz-
Type 
*1 2.5E7 1.04E7 0.2906 0.2906 0. 01455 0.025 0.543 1338.0 1531.0 1263.0 665.0 
2 2.5E7 1.04E7 0.2906 0.2906 0.01455 
3 2.5E7 1.04E7 0.2813 0.2813 0.01318 
4 2.5E7 1.04E7 0.2813 0.2813 0.01318 
5 2.5E7 1.04E7 0.2438 0.2438 0.00855 
6 2.5E7 1.04E7 0.2438 0.2438 0.00855 
*7 2.5E7 1.04E7 0.4800 0.4800 0.0256 0.025 0.543 1986.0 1986.0 2450.0 2038.0 
8 2.5E7 1.04E7 0.4800 0.4800 0.0256 
9 2.5E7 1. 04E7 0.3942 0. 3942 0.01727 
10 2.5E7 1.04E7 0.3942 0. 3942 0.01727 
11 2.5E7 1. 04E7 0.3417 0.3417 0.01297 
12 2.5E7 1.04E7 0.3417 0~3417 0.01297 
13 2.5E7 1. 04E7 0.1800 0.1800 0.02382 0.025 0.63 976.0 
14 2.5E7 1.04E7 0.1800 0.1800 0.02382 0.025 0.63 1142.0 
15 2.5E7 1.04E7 0.1800 0.1800 0.02382 0.025 0.63 988.0 
16 2 . 5E.L1. 04E7 0.1700 0.1700 0.02017 0.025 0.595 762.0 
17 2.5E7 1. 04E7 0.1600 0.1600 0.01689 0.025 0.56 559.0 
18 2.5E7 1.04E7 0.1600 0.1600 0.01689 0.025 0.56 307.0 
19 2.5E7 1.04E7 0.1600 0.1600 0.01689 0.025 0.56 307.0 
20 2.5E7 1.04E7 0.1800 0.1800 0.02382 0.025 0.63 893.0 
21 2.5E7 1. 04E7 0.1800 0.1800 0.02382 0.025 0.63 1047.0 
22 2.5E7 1.04E7 0.1800 0.1800 0.02382 0.025 0.56 887.0 
23 2.5E7 1. 04E7 0.1700 0.1700 0.02017 0.025 0.595 714.0 
24 2.5E7 1.04E7 0.1600 0.1600 0.01689 0.025 0.56 464.0 
25 2.5E7 1. 04E7 0.1600 0.1600 0.01689 0.025 0.56 307.0 
26 2.5E7 1.04E7 0.1600 0.1600 0.01689 0.025 0.56 307.0 
Note: symbol * denotes the beam-column frame member, where p 
Yield moment at B 
Yield moment at P=(2/3)*Pa 
Yield moment at P=(l/3)*Pa 
Yield moment at P=O.O 
-976.0 893.0 -893.0 
-1142.0 1047.0-1047.0 
-988.0 887.0 -887.0 
-833.0 714.0 -714.0 
-631.0 547.0 :..464.0 
-369.0 381.0 -307.0 
-307.0 307.0 -307.0 
-893.0 976.0 -976.0 
-1047.0 1142.0 1142.0 
-887.0 988.0 -988.0 
-714.0 833.0 -762.0 
-547.0 631.0 -559.0 
-381.0 369.0 -307.0 
-307.0 307.0 -307.0 
(2/3xPB, Mm) 
M 
Axial compression and tension yield forces for 6- and 12-storey frames 
6-storey frame 12-storey frame 
Member Type P. p+ Pa Member Type P. p+ Pa 
1 -6290.0 934.0 -3690.0 1 -11152.0 1930.0 -6075.0 
5 -8454.0 1255.0 -5010.0 7 -17888.0 2656.0 -10920.0 
Detailed explanation is given by Carr (1998) 
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The following figure of the 12-storey frame shows that frame member type are applied to different 
members of the frame. 
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